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Abstract
The primary tool currently used for quality management of earthwork and unbound
aggregates is the nuclear density gauge (NDG) to ensure appropriate density and moisture content.
Measurement of moisture content and dry density, even though quite practical and straightforward,
does not directly tie the construction quality with the mechanistic-empirical design processes
where stress and modulus are employed. With the recent popularity of the mechanistic pavement
design procedures, research efforts have been undertaken to understand and develop procedures
for implementing modulus-based quality control (QC) procedures of compacted geomaterials.
These procedures involve the use of in-situ nondestructive testing (NDT) devices that estimate the
stiffness parameters of a constructed pavement structure. However, one of the shortcomings of
NDT spot testing is that weak areas may be missed. If implemented properly, intelligent
compaction (IC) can provide QC over 100% of compacted materials (a major shortcoming of the
spot testing). Furthermore, the uniformity of compacted earthwork can be realistically assessed
with accelerometer-based IC measurement values (ICMV). Another possible benefit is the instant
identification of weak areas that need to be reworked.
IC technology takes advantage of a vibratory roller equipped with accelerometers mounted
on the drum’s axle, a global positioning system (GPS), and an on-board computer reporting system
that displays IC measurements in real time. Despite the tremendous efforts to investigate the
application of the IC technology in the construction QC, there are still gaps that prevent the IC
technology from being used for the eventual construction acceptance of the geomaterials. These
gaps include (1) the need of relating the design parameters to the construction QC parameters and
the in situ moisture content, and (2) the absence of rational means of relating different proprietary
ICMVs reported by different roller vendors. To address these issues, there is a need for fieldcalibrated numerical models that can be used for the proper evaluation and acceptance of the
compacted geomaterials. A realistic numerical model for a roller-soil system can be combined with
a state-of-the-art inverse or backcalculation algorithm to provide reliable layer-specific ICMV for
construction QC and potentially acceptance. However, this process must be robust and practiceready so that DOTs can readily incorporate it in their IC specifications.
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Chapter 1: Introduction
1.1: Problem Statement
The primary tool currently used for quality management of earthwork and unbound
aggregates is a nuclear density gauge (NDG) to ensure appropriate density and moisture content.
With the emphasis on the mechanistic-empirical (ME) pavement design procedures in the last
decade, significant research effort has been devoted to understanding and implementing modulusbased quality control (QC) of compacted geomaterials (e.g., Von Quintus et al., 2009; Tutumluer,
2013; Nazzal, 2014; Tirado et al., 2020; Fathi et al., 2020a and b).

Nazarian et al. (2015)

systematically enumerated the technical and institutional complications related to incorporating
modulus-based spot testing devices (e.g., Light-Weight Deflectometer or LWD) and provided
practical solutions to some of them. These complications included (1) relating the design
parameters to the construction QC parameters, (2) incorporating the impact of moisture content on
the measured modulus, and (3) developing field-calibrated numerical models that can be used in
the proper evaluation and acceptance of the compacted geomaterials. Many of those complications
can be overcome by the implementation of the intelligent compaction (IC) systems. If implemented
properly, the IC technology can provide QC over 100% of the compacted geomaterials (a major
shortcoming of the spot testing). Furthermore, the uniformity of the compaction process can be
assessed realistically with IC measurement values (ICMVs).
Despite the tremendous efforts to investigate the application of the IC technology in the
construction QC, there are still gaps that prevent it from being used for acceptance. These gaps
include:
1. A lack of robust and practical methodology to determine the lift-specific target ICMV
(ICMVTarget) with the consideration of moisture content, and
2. An absence of a rational means of relating the different proprietary ICMVs reported by
different roller vendors.
A realistic numerical model for a roller-soil system can be combined with a state-of-theart inverse algorithm to provide layer-specific ICMVs for QC and potentially for the quality
acceptance (QA).

1

1.2: Objective
The main objective of this research is to develop procedure(s) to estimate the mechanical
properties of the geomaterials using the IC technology. The process followed to achieve the
objective is illustrated in Figure 1.1. The final process must be robust and practice-ready so that
the DOTs can readily incorporate it in their IC specifications.

Figure 1.1 A generic flowchart of implementing roller IC technology.
1.3: Organization of the Dissertation
The study has been divided into eight chapters.
•

Chapter 1 summarizes the topics included in this dissertation.

•

Chapter 2 briefly describes the fundamentals of intelligent compaction measuring
systems and summarizes the state of knowledge in the areas of IC and current IC
specifications.
2

•

Chapter 3 summarizes the findings from the numerical modeling of roller
compaction of geomaterials and assembly of a comprehensive databases of
pavement responses of different pavement structures and layer properties subjected
to IC roller compaction during mapping operations.

•

Chapter 4 provides a summary of field test activities and features the collected
information both from the field measurements and laboratory testing.

Data

obtained from laboratory and field activities are used to develop appropriate
transfer functions.
•

Chapter 5 contains information about the evaluation and calibration of the forward
models using measured field data.

•

Chapter 6 discusses the development, calibration and evaluation of the inverse
models for extracting the mechanical properties. This chapter also proposes
preliminary adjustment factors that can be used for extraction of mechanical
properties of geomaterials.

•

Chapter 7 provides the findings of the implementation of the methods developed
for extracting modulus from compacted materials using IC from the field studies
conducted at several construction sites.

•

Chapter 8 summarizes the findings and conclusions from this project.

3

Chapter 2: Construction Quality Management using Intelligent Compaction
2.1: Introduction
Technological improvement of construction technologies has resulted in the popularity of
the IC techniques. Even though the basic concept of IC was developed in the early 1970s (Adam
and Pistrol, 2016), this technology has been under continuous development and implementation
during the past decade.

The following sections summarize the current body of research relevant

to the performance management methods including the IC applications. A summary of the
information gathered from the literature on different methods for estimating the modulus of
compacted geomaterials in the field and laboratory, and the different factors that impact the
mechanical properties, is presented. A brief review of the numerical modeling techniques,
constitutive and material models and soil-drum contact mechanics used for simulating roller
compaction of materials is also included. It also provides a review of the Intelligent Compaction
Measurement Values (ICMVs) and the current backcalculation techniques of mechanical
properties. Finally, it offers a summary of current specifications for implementing IC technology.
2.2: Estimation of Modulus of Compacted Geomaterials
The stiffness/modulus of the compacted geomaterials can be estimated either from the
laboratory or by in-situ tests. The behavior of the unbound materials under repeated loading is
quite complex and involves many different factors. Due to the complexity and time-consuming
nature of the resilient modulus (MR) tests, simple methods have been proposed for estimating the
modulus of the geomaterials in the laboratory. It is also common to use strength tests, such as the
unconfined compressive strength or laboratory California Bearing Ratio (CBR), to estimate the
modulus. Correlations have been developed by various studies in the literature to predict the
modulus from the soil index parameters. However, most models exhibit poor predictive power
when they are tested on soils not used to develop the relationships (Von Quintus and Killingsworth,
1998; Yau and Von Quintus, 2002; Wolfe and Butalia, 2004; Malla and Joshi, 2007.)
2.2.1: Factors Impacting Modulus of Compacted Geomaterials
Puppala (2008) and Tutumluer (2013), among others, synthesized the body of literature
regarding the estimation of the modulus of the unbound geomaterials.

The following sections

summarize the body of literature regarding the factors influencing the modulus/stiffness of the
earthwork and unbound geomaterials.
4

State of Stress. Several material models have evolved during the past decades. Different
forms of the stress state have been implemented to explain the stress-dependency of the modulus.
The representative modulus of a given geomaterial placed in a pavement section is not a unique
value and depends on the underlying and/or overlying layers. The state of the stress of a given
geomaterial placed in a pavement section can only be estimated if the moduli of all layers are
known. The estimation of the modulus must be carried out iteratively using an analytical layered
structural model.
Residual Stresses during Compaction. The stresses imposed by the compaction
equipment during the construction process are usually the largest stress states that the compacted
unbound geomaterials can experience during their service lives. The particle interlock which is
formed during the compaction process along with the lateral confining pressure forms a residual
stress within the geomaterial layer that could affect the responses of the pavement layers during
the repeated traffic loading.
Moisture Content. Significant efforts have been dedicated to studying the impact of the
moisture variation in terms of the moisture content or matric suction in the literature (Gupta et al.,
2007). Most of these studies are based on the concepts of the unsaturated soil mechanics (e.g.,
Cary and Zapata, 2010).

Wolfe and Butalia (2004) acknowledged the significance of unsaturated

soil mechanics regarding characterizing the behavior of pavement subgrades, and the influence of
suction or moisture content variation on modulus. The soil may be subjected to variation in
stiffness due to interaction with the atmosphere, leading to repeated cycles of infiltration and
evaporation, referred to as hydraulic hysteresis, which in turn can lead to a change in soil stiffness
(McCartney and Khosravi, 2013).
The lack of a correlation between the modulus of the compacted geomaterials and the field
moisture content are discussed in Richter (2006). Von Quintus et al. (2010) and Pacheco and
Nazarian (2011) attempted to address that concern. The importance of the difference between the
moisture content at the time of compaction and at the time of testing has been suggested by Khoury
and Zaman (2004) and Nazarian et al. (2015).
The Mechanistic-Empirical Design Guide (MEPDG) recommended the following
function to consider the effects of the environmental factors, Fenv, on the resilient modulus at any
degree of saturation, MR:
𝑀𝑅

𝐹𝑒𝑛𝑣 = 𝑀𝑅

(2.1)

𝑜𝑝𝑡
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where MRopt is the resilient modulus at the optimum moisture content (OMC). That model was
further calibrated in terms of degree of saturation using a series of experiments under different
moisture conditions in the following form::
 MR
log 
 MRopt



b−a
 = a +
 − K m ( S − Sopt )
1+ e


(2.2)

where S = current degree of saturation (decimal), Sopt = degree of saturation at OMC (decimal),
a = minimum of log (MR/MRopt), b = maximum of log (MR/MRopt), β = regression parameter = ln
(-b/a), and Km = regression parameter.
Studies about the impact of the moisture content/degree of saturation/suction variation on
the stiffness and ICMV of the geomaterials during and shortly after the compaction process are
limited. Thompson and White (2007) used test strips constructed at three different moisture
contents to evaluate the impact of the moisture content on the ICMVs. They discussed that the
inevitable variation in the moisture content of the compacted geomaterials during construction
could affect the quality management of earthwork and unbound geomaterials.

Siddagangaiah et

al. (2014) performed an extensive field evaluation of IC for the quality control of the base and soils
in Texas. Even though some weak correlation between the Lightweight Deflectometer (LWD)
modulus and the moisture content was observed, a reasonable relationship between ICMV and the
moisture content could not be reported. They also confirmed that there was a certain level of
uncertainty associated with the estimation of the in-situ moisture contents using Nuclear Density
Gauge (NDG). White and Vennapusa (2015) emphasized the need for the utilization of moisture
content sensors in the future development of the IC monitoring of the earthwork and soil layers.
Density. The study of the variation in modulus of compacted geomaterials with density
has been limited in the literature. Some efforts were aimed at investigating the impact of the density
combined with the moisture content in terms of the degree of saturation (Cary and Zapata, 2011).
Other studies (e.g., Mooney et al., 2009; Von Quintus et al., 2010; Pacheco and Nazarian, 2011;
Nazarian et al., 2014) could not establish a direct correlation between the modulus and density.
Nazarian et al. (2015) indicated that considering the uncertainties associated with the estimation
of the density by NDG, a reasonable correlation could not be found among any of the in-situ moduli
and density.
Floss et al. (1991) reported several correlations between ICMV and density in terms of
the percent compaction. The goodness of the fit for their correlations was less than those with the
6

plate load test results. Bräu et al. (2004) reported correlations between ICMV and spot test results
including density with significant scatter. Mooney et al. (2003 and 2005) correlated ICMV to
several spot test results including the dry density. They showed that such correlations improved
when the lifts were stiff. Peterson (2005) and White and Thompson (2008) reported poor
correlations between the ICMV and dry density.
Gradation and Plasticity. Many empirical models exist that can estimate the modulus of
a geomaterial using the index properties such as the gradation parameters and plasticity indices.
Navarro et al (2012) and Nazarian et al (2014) summarized several such regression models. Most
models are applicable and reasonable for the soil conditions and test protocols that were developed
only.
Long-Term vs. Short-Term Behaviors of Geomaterials. Significant work has been
done to predict the long-term changes in the moisture content/suction and modulus of the
compacted geomaterials under the in-service pavement. However, the amount of work related to
the short-term behavior of the exposed geomaterials (as related to the quality management) has
been limited. In a proper field compaction, the geomaterial is placed near the optimum moisture
content and the moisture change is due to either evaporation or the introduction of moisture. The
moduli obtained from this process can be vastly different from the moduli measured in the
laboratory under a constant compaction effort (Khoury and Zaman, 2004; Sabnis et al., 2009; and
Pacheco and Nazarian, 2011). During the first few days, a freshly compacted material experiences
several phenomena (e.g., thixotropy, moisture loss and equilibrium) that cannot be modeled with
most models developed to represent the long-term behavior of the materials due to seasonal and
other environmental variations.
2.3: Numerical Modeling Techniques of Roller Compaction
The experimental data collected with the instrumented roller compactors have revealed
complex nonlinear roller vibration behaviors, which include the loss of contact between the drum
and the soil, as well as the drum and the frame rocking (Adam and Kopf, 2004; Anderegg and
Kaufmann, 2004; Mooney et al., 2006; Nazarian et al., 2020). Different numerical modeling
techniques have been attempted for addressing some of these concerns.
The numerical models can be either physical-based models such as the lumped-parameter
(e.g. van Susante and Mooney, 2008), boundary element (BE, e.g., Mooney and Facas, 2013),
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discrete element (DE, e.g., Buechler et al., 2012) or finite element (FE) models (e.g., Xia and Pan,
2010; Mooney and Facas, 2013; Erdmann and Adam, 2014; Keneally et al., 2015). The following
comments can be made about the implementation of the different models for simulating roller
compaction:
•

Lumped mass models are the simplest but the least realistic models. They can provide
results rapidly but site-specific calibration maybe time consuming.

•

Boundary element models reduce the dimensionality of the problem, resulting in saving
of computation time and resource; however, roller dimensions and operation
parameters, as well as the plastic response of geomaterials associated with compaction
must be addressed by means of iterative processes and indirect means to adjust soil
responses.

•

Discrete element models can provide a wealth of information about the performance of
granular materials under the rollers. However, the execution time at realistic scales
are prohibitive.

•

Finite element models are the most versatile tools for obtaining the responses of
geomaterials under rollers. Simple linear elasto-static models (especially 2D models)
are rapid to execute. As the problem is extended to 3D with dynamic loading, and
plastic and nonlinear geomaterial behavior the execution time becomes rather timeconsuming for routine use.

The best numerical model to use is the one that is a balance among the execution time, the
accuracy of the results and the amount of time DOTs are willing to spend to obtain the necessary
material parameters.
2.3.1: Constitutive/Material Models of Geomaterials
It is essential to incorporate reasonable geomaterial constitutive/material models. The
following statements can be made about them:
•

Linear elastic model is the most versatile and recognized constitutive model for
geomaterials. Since most of the design algorithms are based on that model, the
harmonization of selecting the target modulus/stiffness for field IC compaction with
the design parameter selected for each layer becomes straightforward.

However, the

linear elastic material model may only be applicable to stiffer materials at the end of
the compaction process.
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•

Nonlinear (resilient modulus) models are more realistic than the linear elastic model
since the highest state of stress that most layers experience is during compaction.
However, these models should be implemented with caution. Based on a survey of
the DOTs conducted during the NCHRP 10-84 study by Nazarian et al. (2015), one of
the top two reasons that would impede the implementation of the modulus-based
quality acceptance was the incorporation of the resilient modulus tests in the
specifications.

If these models are adopted, an indirect means of estimating the

nonlinear model parameters should be considered. In addition, the uncertainty of
estimating these parameters should be weighed against the benefits gained in terms of
the more realistic results.
•

Plasticity and hypo-plasticity models have similar limitations as resilient modulus
models. Though they offer more realistic responses than linear elastic models,
implementation of these models would require incorporation of laboratory tests such
as shear, triaxial and consolidations tests into the specifications. Inclusion of estimation
methods for parameters used by these models must be developed and their uncertainty
must be assessed.

2.3.2: Constitutive/Material Models of Geomaterials
Several alternative models, from the classical Hertzian models to the more modern and
sophisticated boundary element models, have been used for addressing the soil-drum contact
mechanism. The following statements can be made about the reviewed contact models:
•

Hertzian models are easy-to-implement models but overly simplified, as they overlook
the nonlinear response of the geomaterial.

Their implementation would require the

inclusion of methods to adjust the calculated contact widths in order to address the
nonlinear behavior of soils. However, their use may be applicable to stiffer granular
materials or at the end of the compaction process.
•

Boundary element models better address the soil-drum contact width and stress
distribution than Hertzian models. Their implementation would require an iterative
approach to adjust the contact width, which is greatly expedited due to faster execution
times than common finite element approaches.

•

Discrete element models have been found to be more realistic contact widths than
Hertzian models and have been found to better address cohesive soils than other
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methods. Yet, further research to investigate the stress fields is still needed and their
dynamic analysis makes them time prohibitive.
•

Finite element models generally include different contact models depending on the
program used. Though they address the stress fields and contact widths reasonably well
due to the FE software capacity to consider the soil’s nonlinearity, they would require
the implementation of dynamic loading leading to considerably time-consuming
execution analyses unsuitable for routine applications.

More realistic in describing contact widths and stress fields will depend on the chosen
numerical model and constitutive material model that better addresses execution time suitable for
routine use.
2.4: Intelligent Compaction Measurement Value (ICMV)
Mooney et al. (2010) described the roller measurement values in detail. The different data
measurement values used for compaction control are listed in Table 2.1. The ratio between the
amplitude of the second harmonic and the amplitude of the excitation frequency was first
correlated to the stiffness of the soil as measured by dynamic plate load tests (Thurner and Forsblad
1978). Thurner and Sandström (1980) introduced the compaction meter value (CMV). Since then,
various measuring systems have been implemented by the roller manufactures. Bomag first
introduced the OMEGA value and the Terrameter measuring system in 1982, followed by the
vibration modulus Evib, a measure of dynamic soil stiffness (Ferris 1985; Floss et al. 2001; Kröber
et al. 2001). Ammann introduced the ACE (Ammann Compaction Expert) that calculated the soil
stiffness parameter ks (also called kB) in 1999 (Anderegg and Kaufmann 2004; Anderegg 1997).
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Table 2.1 Commercially available roller measurement values (from Mooney et al., 2010).
Measurement
Value

Compaction
Meter Value
(CMV)

Compaction
Control Value
(CCV)

Stiffness,
ks (kb)

Manufacturers

Parameters Used

Relations Used

CMV = c

A2
A

Dynapac,
Caterpillar,
Hamm, Volvo

Ratio of vertical drum acceleration
amplitudes at fundamental vibration
frequency and its first harmonic.

Sakai

Algebraic relationship of multiple
vertical drum vibration amplitudes,
including fundamental frequency, and
multiple harmonics and sub harmonics.

where Ai are amplitudes at the excitation frequencies.

Vertical drum displacement, drum-soil
contact force.


m e cos  
ks =  2  md + 0 0

zd



Ammann

where c is constant around 300, A2Ω is the amplitude of
second harmonic, AΩ is amplitude of fundamental
frequency.

 A + A3 + A4 + A5 + A6 
CCV =  1
 100
A1 + A2



where md is drum mass, m0e0 is eccentric mass moment, ϕ
is phase angle, zd is drum displacement, Ω is frequency.

Vibration
Modulus, Evib

Machine Drive
Power (MDP)

Bomag

Caterpillar

Vertical drum displacement, drum-soil
contact force.

Difference of gross power and the
power associated with sloping grade
and machine loss.

zd =

2 (1 − 2 ) Fs

  Evib
L

L

 1.8864 + ln 
b


where Fs is drum soil interaction force, L is the drum
length, b is contact width, ν is Poisson ratio, zd is drum
displacement.


a
MDP = Pg − WV sin  +  − ( mV + b )
g

where Pg is gross power, W is roller weight, a is
acceleration, g is acceleration due to gravity, θ is slope
angle, V is roller velocity, m and b are internal loss
coefficients.

2.4.1: Mechanistic ICMVs
The introduction of Evib and ks signaled an important evolution toward the measurement of
more mechanistic, performance-related soil properties (e.g., soil stiffness/modulus). These two
ICMVs are determined from the force-displacement hysteresis loops. The hysteresis loops are
interpreted from the drum acceleration time histories collected by the IC rollers. The forcedisplacement loops are created by plotting the time-varying contact force, Fc, versus time-varying
drum displacement, zd, where contact force is calculated from the vertical response of the drum.
Ammann ACE system calculates the secant soil stiffness, ks, from the gradient of the line
passing through the point of zero dynamic displacement (i.e., displacement due to the static weight
of the roller) to the point representing the maximum dynamic drum displacement, as shown in
Figure 2.1 (Anderegg and Kaufmann 2004; Mooney et al. 2010). To determine these parameters,
the system takes advantage of the lumped parameter model. That model consists of a roller and a
2DOF model representing the vertical kinematics of the drum-frame system. The drum/soil contact
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force Fs consists of the machine weight, the eccentric force and the drum and frame inertias.
Ammann system determines the drum inertia and the eccentric force by measuring the vertical
drum acceleration and eccentric mass position, while the frame inertia is neglected.

Force

kt
ks

Displacement

Figure 2.1 Calculation of secant stiffness, ks and tangent stiffness, kt.
The vertical drum displacement amplitude, zd, is determined by the spectral decomposition
and integration of the measured peak drum accelerations (Anderegg and Kaufmann 2004).
Secant stiffness, ks, is calculated from

m e cos  
ks =  2  md + 0 0

zd



(2.3)

where md is the drum mass, m0e0 is the eccentric mass moment, Ω is the excitation frequency and
ϕ is the phase lag between the eccentric mass and the drum displacement.
2.4.2: Correlation Analysis Studies
Several studies have been carried out to evaluate the roller measurement values for the
compaction quality management of different pavement layers and embankment soils. Research has
also been carried out to correlate the roller measurement values with the in-situ point test
measurements. Even though different manufacturers recommend different ICMVs, the vertical,
longitudinal and transverse heterogeneity of the underlying soil strata is the most important factor
influencing ICMVs and the modulus-based spot test results. The correlations developed with
ICMVs and the spot tests change whenever there is a change in the underlying condition. The
heterogeneity stems from the change in material type, compaction effort and moisture contents at
the time of compaction and testing (Nazarian et al., 2014). The depth of influence for a regular
(11 to 15 ton) roller is reported to vary between 2.5 ft to 4 ft (Mooney et al., 2010). Hence, the
ICMVs measured will reflect the composite stiffness of the geomaterials up to a depth of 2.5 ft to

12

4 ft. However, the spot tests typically reflect the material property up to a depth of 0.5 ft to 1 ft
(Mooney et al., 2010).
2.4.3: Current Backcalculation Techniques
The backcalculation (a.k.a., system identification or inversion) is an optimization process
performed to inverse map a known relation established by discrete or continuous data points. The
most commonly known backcalculation process in pavement engineering is related to the
interpretation of the results from the Falling Weight Deflectometer (FWD). In FWD
backcalculation, the measured deflections are “matched” with the calculated deflections from a
numerical algorithm. Usually, the matching process between the measured and calculated
responses is performed by an iterative process, in which the responses are calculated using
different set of assumed mechanical properties. Göktepe et al. (2006) provided a thorough
comparison of the different backcalculation techniques in terms of modeling precision,
computational expense, calculation details, and data requirements. An overview of the different
backcalculation methods is illustrated in Figure 2-2. Their implementation has been possible due
to the tremendous advances in computational power that significantly minimizes the computation
time of the backcalculation processes. In the context of this study, the backcalculation methods
can generally be categorized into static, dynamic and adaptive (Göktepe et al., 2006). Static and
dynamic methods are classified by their loading types and utilize the conventional pavement
response models. Adaptive methods, such as the neural networks and neuro-fuzzy systems, do not
directly use a response model; instead, they simulate the inverse mapping by learning the target
behavior via known input-output data patterns.
A forward model and an inverse algorithm are utilized in the backcalculation process. In
the forward process, the responses are computed based on the loading and pavement structure,
typically using a linear elastic procedure. The inverse process can be performed by different
optimization processes.

Optimization processes can be performed by using a parameter

identification algorithm (PIA), such as nonlinear least-squares, database search algorithms (DSA),
and genetic algorithms (GA).

The latter is an artificial intelligence (AI)-based model-free

optimization technique, which mimics the theory of evolution. In the inverse process, the
calculated responses are compared to the measured responses so that the new mechanical
properties are determined by a parameter identification routine. The error minimization
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(optimization) is achieved based on an iterative process until the differences between the calculated
and measured deflections stay under a certain error criterion.
2.4.4: Backcalculation Methods in IC Technology
Mooney and Facas (2013) evaluated different backcalculation processes for determining
layer moduli with a forward process that made use of a static boundary element model simulating
roller compaction. The forward process predicted the stiffness over a wide range of two-layer
pavement structures with different layer moduli and top layer thicknesses, as shown in Figure 23. Based on a sensitivity analysis, the authors suggested that the simple minimization algorithms
could be used without the need of more complex techniques. Mooney and Facas found their
approach time intensive, as each inversion required 5 to 15 iterations, and each iteration required
forward modeling. To increase the efficiency of the backcalculation process, they used direct
inverse models created through regression analyses to substitute the simulations in the forward
model in the backcalculation process. The authors found that a local tri-cubic (LTC) interpolation,
a ninth order polynomial fit regression model and an artificial neural network (ANN) models were
able to simulate the responses with acceptable error.

Source: Göktepe et al. 2006

Figure 2.2 Overview of backcalculation methods.
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(a)

(b)

Source: Mooney and Facas, 2013
Figure 2.3 Comparison of simulated stiffness, k, values from BE analysis for a two-layer system
with (a) bottom layer modulus, E2, vs. top layer modulus, E1, and top layer
thickness h1 = 30 cm, and (b) k vs. top layer modulus, E1, for variable top layer
thickness, h1.
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Chapter 3: Findings from Numerical Model
3.1: Introduction
In this chapter, the development of a 3-D FE model simulating the roller compaction of one- and
two-layer geosystems is presented. Different levels of complexity in the model have been
considered including the use of both linear and nonlinear geomaterial models, and the simulation
of the roller operation from a static load, to stationary vibratory, to moving vibratory loads. The
responses from each model with different geomaterial properties have been numerically assessed.
Correlations have established among the responses from different models to study whether the
simplified models can account for the behavior of the pavement under compaction adequately, and
whether these relationships can be used to simplify the modeling.
3.2: Development and Limitations of Numerical Simulation of IC
The multi-purpose FE program LS-DYNA that makes use of explicit and implicit time
integration techniques was used for simulating roller compaction. A three-dimensional (3-D) mesh
was assembled to simulate a roller’s drum in the process of proof-mapping geomaterials at a given
loading amplitude and vibrating frequency (see Figure 3.1). The drum of the roller was simulated
as a rigid body containing shell elements with commercially available regular dimensions of IC
roller, i.e., 2 m (80 in.) wide and 1.5 m (60 in.) diameter. A section of the geomaterial layer, 4 m
(160 in.) wide, 4 m (160 in.) long, and 2.5 m (100 in.) deep, was modeled with non-reflective
boundaries. A mesh consisting of brick elements was used to represent the geosystem. The mesh
comprised of approximately 64,000 elements. Smaller elements with 50×50×50 mm (2×2×2 in.)
dimensions were used near the roller up to 0.5 m (20 in.) in depth, 0.6 m (24 in.) longitudinally
and 1.2 m (48 in.) transversally from the center of the drum, beyond which larger elements were
used. The interaction between the drum and the geosystem was simulated using automatic single
surface contact type that allows the decoupling of the drum from the soil surface as occurs in the
field. To that end, about 75,000 shell elements were used to simulate the drum.
The centrifugal force caused by the rotation of the eccentric masses inside the drum induces an
excitation force, Fe, defined as
Fe ( t ) = m0 e0 2 cos ( t )

(3.1)

where Ω is the rotational frequency and e0 is the eccentricity of the rotating mass m0. Typical
values used for the simulated drum are shown in Table 3.1. The vibratory motion of the roller
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was maintained for 200 msec, equivalent to six load cycles. The stress, strain, and displacement
time histories were calculated for every time interval of one msec underneath the center of the
roller. Rayleigh constants were defined as α = 25 and μ = 0.0002 as recommended by Mooney and
Facas (2013) to minimize the dilatational and shear wave reflections.
(a) IC-equipped roller

(b) FE model of soil and drum

(c) Soil-drum interface

Drum

Drum

Soil-Drum Contact
Interface

Soil

(d) Contact interaction
Sliding permitted
Node penetration check

Figure 3.1 Schematic representation of drum-soil system (after Carrasco et al., 2014).
Table 3.1 Specifications for simulated drum.
Operating Parameter
Width of drum (compaction width)
Diameter of drum
Mass of drum
Weight of drum
Mass-eccentricity
Centrifugal force (Vertical excitation force)
Frequency
Frequency
Operating speed

Symbol

Value

L
d
md
mdg
m0e0
Fev
f
Ω
v

2.0 m (80 in.)
1.5 m (60 in.)
6000 kg (34.3 lb·s2/in)
58,840 N (13,200 lb)
5.36 kg·m (1.20 lb·s2)
170 kN (38 kips)
28 Hz (1680 vpm)
176 rad/s
0.9 m/s (3.24 km/h, 2.0 mph)

A resilient modulus MR material model proposed by Ooi et al. (2004), defined as:
k2


 

MR = k1Pa  + 1  oct + 1
 Pa   Pa


k3

(3.2)

where θ = bulk stress, τoct = octahedral shear stress, Pa = Atmospheric pressure, and k'1,2,3 regression
constants, was incorporated as a user defined material subroutine into LS-DYNA to account for
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the nonlinear behavior of geomaterials under loading conditions. Mazari et al. (2014) found that
model yielded more representative responses of modulus-based devices as compared to the
standard model incorporated in the MEPDG. Considering the practical problems, the use of this
model may cause for highway agencies that utilize the MEPDG material model, the authors also
provided simple relationships for converting the more common MEPDG model parameters into
the nonlinear parameters used in Equation (3.2).
3.2.1: Development of Comprehensive Database of Pavement Sections
A comprehensive database of linear and nonlinear 3D dynamic cases with different input
parameters was assembled for single-layer and two-layer geosystems. The information stored in
the database was used to evaluate the sensitivity of the geosystem responses to different input
parameters. That database was also used to develop an optimized model that simulated the
response of different geomaterials subjected to a vibratory roller with different levels of
sophistication. The database contained the following types of data:
1. Roller operating parameters, including drum dimensions, mass of drum, frequency,
vertical excitation force and operating speed.
2. Geosystem structure and geomaterial properties, including layer thickness, nonlinear k'
parameters of layers, and the representative resilient modulus per layer.
3. Level of sophistication of the FE model, including the type of analysis (static, quasistatic or dynamic), geomaterial constitutive model (linear elastic or nonlinear), and
contact type (roller load applied directly to the geosystem or by means of a contact
model).
4. Geosystem responses obtained after simulation of roller compaction, including
maximum surface vertical displacement, maximum stress observed under the load, and
depth of influence.
Three groups of geosystems were simulated consisting of a single layer (subgrade only)
and two-layer systems with top layer (base) thicknesses of 150 mm (6 in.) and 300 mm (12 in.) on
top of the subgrade. Feasible ranges of k nonlinear parameters proposed by Velasquez et al. (2009)
for the coarse- and fine-grained geomaterials as shown in Table 3.2 was used in this study.
For each geosystem, 200 randomly generated cases were initially selected considering a
uniform distribution within the feasible range of values shown in Table 3.2. This prototype
database that contained information about the distributions of stress, strain, displacement, modulus
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(when applicable) was used to study the feasibility of different concepts.

As soon as a concept

deemed feasible, a more expanded strategic database relevant to that concept was developed. The
representative resilient modulus of the base was constrained to between 700 MPa (100 ksi) and 70
MPa (10 ksi), while the representative resilient moduli of subgrade were constrained between 350
MPa (50 ksi) and 35 MPa (5 ksi).
Table 3.2 Feasible range of layer properties (Source: Velasquez et al., 2009).
Material Type
Coarse-grained
Fine-grained

Nonlinear Parameters
k1

k2

k3

400 – 3000
1000 – 4000

0.2 – 1.0
0.01 – 0.5

-0.9 – -0.1
-6.0 – -1.5

Six levels of sophistication of the FE model were considered, as described in Table 3.3.
The geosystem responses in terms of the surface displacements and stresses at critical points were
obtained directly under the drum of single- and two-layer geosystems simulating the drum as static,
vibratory. The main levels of sophistication consisted of the following items:
•

Linear vs. Nonlinear Behavior of Geomaterials: The use of the nonlinear material
models requires iterative procedures to update the state of stress during the simulation
leading to longer execution times. For this reason, the linear elastic material models are
commonly used.

The responses of the linear models were compared with their

comparable nonlinear models to explore the possibility of establishing relationships
that could estimate the nonlinear response knowing the linear response and the
geomaterial k′ nonlinear parameters.
•

Static vs. Vibratory Drum: For static loading conditions, a quasi-static analysis was
implemented, where the load was applied in 1 msec as a ramp load until the peak
excitation force was reached, and then the load was maintained at a constant magnitude
for the following 19 msec. In that manner, the impact of inertia was reduced, allowing
the contact elements accommodate the drum. The simulation of a vibratory load
consisted of a sinusoidal load with peak vertical force of 170 kN (38 kips) and a
frequency of 28 Hz, in addition to the weight of the drum. At that frequency, six load
cycles were produced in 200 msec of simulation time.

•

Stationary vs. Moving/Rolling Drum: A prescribed motion to the drum was
considered in vibratory moving cases, where velocity, angular velocity and direction
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of movement were specified. These assumptions lend to slower executions if the
nonlinear behavior of the geomaterials is considered due to the iterative process
required to update the state of the stress. Stationary drums were simulated at a unique
position, yet the vibrating load applied to the drum was still incorporated.
Table 3.3 Characteristics of different levels of sophistication of FE model for parametric study.
FE Model Characteristics

Label

Load Type

Constitutive Model

Roller Velocity

Static Stationary Linear
Static Stationary Nonlinear
Vibratory Stationary Linear
Vibratory Stationary Nonlinear
Vibratory Moving Linear
Vibratory Moving Nonlinear

SSL
SSN
VSL
VSN
VML
VMN

Static
Static
Dynamic
Dynamic
Dynamic
Dynamic

Linear Elastic
Modified MEPDG
Linear Elastic
Modified MEPDG
Linear Elastic
Modified MEPDG

0.9 m/s (2 mph)
0.9 m/s (2 mph)

Example of the comparison of the displacements obtained with the nonlinear (SSN/VSN)
and linear (SSL/VSL) models are shown in Figures 3.2 and 3.3 for single- and two-layer
geosystems, respectively. These two parameters are correlated with some uncertainty as judged by
the number of cases lying outside the ±20% uncertainty bounds. The stiffer top (base) layer of the
two-layer systems reduced the effect of the nonlinear behavior of the subgrade as the stresses
attenuated more.
(a) y = 1.10x
R² = 0.85
SEE = 0.52 mm

6

VSN FE Model
Surface Displacement, mm

SSN FE Model
Surface Displacement, mm

8

4
2
±20% Error Line
Line of Equality

8

y = 0.92x
R² = 0.94
SEE = 0.27 mm

(b)

6
4
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Line of Equality
0

0
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4
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SSL FE Model
Surface Displacement, mm

0

8
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6
SSN FE Model
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Figure 3.2 Relationship of surface displacement under roller between (a) linear (SSL) to
nonlinear (SSN) static stationary and (b) vibratory (VSN) to static (SSN) stationary
nonlinear FE models for a single layer (subgrade) geosystem.
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Figure 3.3 Relationship of surface displacement under roller between (a) linear (SSL) to
nonlinear (SSN) static stationary and (b) vibratory (VSN) to static (SSN) stationary
nonlinear FE models for two-layer geosystem with 150 mm (6 in.) base layer on top
of subgrade.
Table 3.4 provides a summary of the slopes, coefficients of determination (R2 values) and
normalized standard errors of estimate (NSEE) of the regression lines from single and two-layer
150-mm base on top of subgrade scenarios. NSEE, is calculated from
n

 (Y  − Y )
i

NSEE =

2

i

(3.3)

i =1

n

 (Y )

2

i

i =1

where Y′i is the estimated displacement obtained from the linear equation of the fitted trend, Yi is
the displacement from the FE simulation and parameter n is the total number of points. In general,
displacement pairs correlated with R2 values of greater than 0.85 and typically greater than 0.90,
while normalized errors of estimate were typically less than 0.20. These descriptive statistics
suggest that the surface deflections as obtained from the more sophisticated FE models may be
estimated using relationships that adjust the responses of the less sophisticated (i.e. less
computationally intense) FE models.
3.3: Establishing Depth of Influence of IC
The depth of influence was defined as the depth at which the geomaterial’s response
diminishes to 10% of the peak response (Tirado et al., 2017). Different depths can be obtained
based on the response criterion used being either the displacements, stresses or strains underneath
the drum. A summary of the normalized depth of influence with respect to the contact width
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(z/B) calculated using the displacement criterion for all models with different levels of
sophistication are shown in Table 3-5. The average influence depth slightly increases for the
vibratory moving drums as compared to the stationary vibratory or static conditions.
Nevertheless, the differences among the six different cases are less than 11%. Based on these
case studies, one can approximate the depth of influence to about six times the effective contact
width, i.e. about 1.8 m (70 in.) in depth, for practical purposes.
Table 3.4 Descriptive statistics for various levels of sophistication of FE model.
Level of Sophistication of FE Model
Model

SSL
SSN
VSL
VSN
VML
VMN
Model
SSL
SSN
VSL
VSN
VML
VMN

Two Layer (150 mm base on top of subgrade)

Slope of Fitted Linear Relationship

Slope of Fitted Linear Relationship

SSL

SSN

VSL

VSN

VML

VMN

SSL

SSN

VSL

VSN

VML

VMN

1

1.10
1

0.98
0.85
1

1.04
0.92
1.05
1

1.00
0.87
1.02
0.95
1

1.13
1.00
1.14
1.09
1.13
1

1

1.04
1

0.97
0.93
1

1.01
0.96
1.03
1

1.01
0.96
1.04
0.99
1

1.15
1.10
1.18
1.14
1.14
1

Coefficient of Determination, R2

Coefficient of Determination, R2

SSL

SSN

VSL

VSN

VML

VMN

SSL

SSN

VSL

VSN

VML

VMN

1

0.85
1

1.00
0.83
1

0.92
0.95
0.91
1

0.99
0.79
0.99
0.90
1

0.93
0.90
0.82
0.93
0.85
1

1

0.94
1

0.99
0.93
1

0.99
0.96
0.96
1

0.99
0.92
0.92
0.98
1

0.93
0.90
0.91
0.93
0.94
1

Normalized Standard Error of Estimate,
NSEE

Model
SSL
SSN
VSL
VSN
VML
VMN

Single Layer

Normalized Standard Error of Estimate, NSEE

SSL

SSN

VSL

VSN

VML

VMN

SSL

SSN

VSL

VSN

VML

VMN

-

0.22
-

0.03
0.23
-

0.15
0.12
0.16
-

0.04
0.23
0.05
0.16
-

0.19
0.15
0.21
0.12
0.19
-

-

0.11
-

0.04
012
-

0.04
0.09
0.06
-

0.03
0.13
0.05
0.06
-

0.11
0.14
0.13
0.11
0.10
-

When material nonlinearity is introduced, the depth of influence increases as k′2 increases
(i.e., geomaterial becomes more granular) and decreases as the absolute value of k′3 increases (i.e.,
geomaterial becomes less cohesive), as shown in Figure 3.4. The effect of the material nonlinearity
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on the depth of influence was more significant in single layer geosystems than in two-layer
geosystems. This also reflected on the standard deviation values of the depths of influence, shown
in Table 3.5, where higher standard deviations occurred in single layer systems as well.

The

depth of influence decreased to 4 times the drum contact width, i.e. about 1.2 m (48 in.).
Table 3.5 Descriptive statistics of normalized depths of influence with respect to displacement
for various levels of sophistication of FE model.
Different Levels of Sophistication of FE Model
Normalized Depth of
Influence (z/B)

Static Stationary

5.89
5.90
0.03

Vibratory Stationary
Mean
Median
Standard Deviation

6.29
6.30
0.26

1

6.33
6.34
0.17

2

(a)

4

6
k'1= 100-1000
k'1= 1000-2000
k'1= 2000-3000

8
10

6.01
6.03
0.37

5.94
5.99
0.40

6.18
6.03
0.37

6.11
6.13
0.30

6.24
6.30
0.28

Nonlinear Geomaterial (VMN)

6.49
6.51
0.27

3

5.91
5.99
0.43

0
2

-1

6.08
6.09
0.32

-2

6.24
6.25
0.28

-3

-4

(b)

4
6
k'1= 100-1000
k'1= 1000-2000
k'1= 2000-3000

8
10

k'2, subgrade

300 mm
Base

Nonlinear Geomaterial (VSN)

6.46
6.46
0.28

Influence Depth, z/B

6.12
6.13
0.05

150 mm
Base

5.82
5.91
0.58

Linear Geomaterial (VSL)
6.31
6.30
0.19

Two Layer System

Nonlinear Geomaterial (SSN)

Linear Geomaterial (VML)

Mean
Median
Standard Deviation

Influence Depth, z/B

300 mm
Base

6.12
6.13
0.17

6.09
6.11
0.06

Vibratory Moving

0

150 mm
Base

One-Layer
System

Linear Geomaterial (SSL)

Mean
Median
Standard Deviation

2

Two-Layer System

One
Layer
System

k'3, subgrade

Figure 3.4 Variation in influence depth with nonlinear k′ parameters of subgrade for single-layer
systems based on displacement criterion.
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3.4: Impact of Geomaterial Properties on IC Measurement Values
The effect of the nonlinear k' parameters on the roller responses were also quantified. The
influence of the nonlinear nature of the geomaterials on the pavement responses was studied using
Spearman’s correlation (McDonald, 2014). Different levels of sophistication of the FE models
were also taken into consideration. Table 3.6 shows that subgrade nonlinear parameters k′1 (related
to stiffness) and k′2 (granularity causing stress hardening) impact surface displacement the most,
even for two-layer systems. In addition, material granularity, i.e. k′2, seemed to have more
significant impact on the surface stress directly under the drum than other parameters, as shown in
Table 3.7, for single and two-layer geosystems, respectively. The nonlinear parameters of the
subgrade tend to influence the surface stresses less significantly, especially as the base thickness
increases.
3.5: Impact of Roller Operating Features on Geomaterials Responses
Roller parameters significantly affect both the roller measurements and the geomaterials’
responses during the mapping process. Aside from the pavement structure and mechanical
properties of geomaterials (e.g., modulus, and nonlinear k´ parameters), the impact of the roller’s
operating features (e.g., operating weight and dimensions of the drum) on the pavement responses
should be taken into consideration.
Table 3.6 Impact of nonlinear material parameters on surface displacement.
Spearmann’s Correlation Coefficients
Level of Sophistication of FE
Model
Single Layer (Subgrade Only)
SSN
VSN
VMN
150 mm (6 in.) Base Thickness
SSN
VSN
VMN
300 mm (12 in.) Base Thickness
SSN
VSN
VMN

Base Parameters

Subgrade Parameters

k′1

k′2

k′3

k′1

k′2

k′3

-

-

-

-0.37
-0.42
-0.32

-0.42
-0.35
-0.37

-0.18
-0.15
-0.30

-0.08
-0.12
-0.17

-0.14
-0.10
0.07

-0.19
-0.18
-0.29

-0.45
-0.56
-0.49

-0.36
-0.24
-0.30

-0.15
-0.06
-0.13

-0.12
-0.21
-0.24

-0.19
-0.06
0.03

-0.28
-0.23
-0.31

-0.49
-0.55
-0.54

-0.20
-0.22
-0.23

-0.08
-0.03
-0.05
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Table 3.7 Impact of nonlinear material parameters on surface stress for two-layer system.
Spearmann’s Correlation Coefficients
Level of Sophistication of FE
Model
Single Layer (Subgrade Only)
SSN
VSN
VMN
150 mm (6 in.) Base Thickness
SSN
VSN
VMN
300 mm (12 in.) Base Thickness
SSN
VSN
VMN

Base Parameters

Subgrade Parameters

k′1

k′2

k′3

k′1

k′2

k′3

-

-

-

0.09
-0.29
0.52

-0.14
0.31
0.35

-0.12
0.26
-0.02

-0.07
-0.14
0.22

0.16
-0.08
0.30

0.07
-0.05
0.08

0.20
-0.14
0.15

0.37
0.33
0.31

0.16
0.18
0.15

-0.09
-0.17
0.10

0.09
0.01
-0.05

-0.02
-0.17
0.13

-0.06
-0.14
0.05

0.14
0.38
0.26

0.08
0.18
-0.09

To evaluate the effect of the roller operating features on the geomaterials responses,
thirteen rollers with different operating features were simulated as listed in Table 3.8. The rollers
are identified using a code that summarizes the imparted force plus drum weight, length and
diameter of the drum.

The soil responses determined under a static load exerted by a stationary

drum were evaluated on a set of 200 nonlinear geomaterials systems comprised of single and twolayer pavement systems, comprising a total of 600 SSN FE models per simulated drum. The
conclusions from this study are summarized next.
Table 3.8 Simulated rollers with different operating features.
Case

Model Code*

Drum
Weight (kN)

Centrifugal
Force (kN)

Length

Diameter

(m)

(m)

No. of SSN
Cases

1
2
3
4
5
6
7
8
9
10
11
12

22.6W_1.00L_0.60D
45.1W_1.00L_0.60D
38.5W_1.20L_0.70D
77.1W_1.20L_0.70D
118.7W_1.50L_1.10D
118.7W_1.50L_0.55D
166.8W_1.50L_1.10D
166.8W_1.50L_0.55D
113.9W_2.00L_1.50D
227.8W_2.00L_1.50D
227.8W_2.00L_0.75D
227.8W_1.00L_1.50D

7.45
14.90
23.93
47.86
88.55
88.55
88.55
88.55
29.42
58.84
58.84
58.84

15.12
30.24
14.60
29.20
30.20
30.20
78.30
78.30
84.50
169.00
169.00
169.00

1.00
1.00
1.20
1.20
1.50
1.50
1.50
1.50
2.00
2.00
2.00
1.00

0.60
0.60
0.70
0.70
1.10
0.55
1.10
0.55
1.50
1.50
0.75
1.50
Total No.

600
600
600
600
600
600
600
600
600
600
600
600
7200

Note: * W – operating weight + eccentric force, L – length of drum, D – diameter of drum
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3.5.1: Impact of Weight
Three rollers with different drum dimensions were considered (cases 1, 3 and 9 listed in
Table 3.8). As shown in Figure 3.5, increasing the load imposed to the soil by a factor of two led
to an increase in the surface displacement with a factor of 2.17 and 2.00 for single- and two-layer
geosystems, respectively. Like the surface displacements, the surface vertical stresses directly
under the drum increased by about a factor of two, when the magnitude of the imposed weight
increased by a factor of two. However, more variability was observed in the surface stresses as
compared to the surface displacements, which may be attributed to the effects of the nonlinear
8.0

Surface Displacement with
Imposed Weight Doubled, mm

Surface Displacement with
Imposed Weight Doubled, mm

parameters of the top layer geomaterial have on the contact area.
(a) Single Layer Geosystems
6.0
y = 2.17x
R² = 0.95
SEE = 0.10 mm

4.0
2.0

Line of Equality
+/- 20% Error Line

0.0
0.0

2.0
4.0
6.0
Surface Displacement, mm

8.0

8.0
(b) Two-Layer Geosystems
6.0
y = 2.00x
R² = 0.96
SEE = 0.06 mm

4.0
2.0

Line of Equality
+/- 20% Error Line
0.0
0.0

2.0
4.0
6.0
Surface Displacement, mm

8.0

Figure 3.5 Evaluation of weight impact on surface displacement.
3.5.2: Impact of Drum Length
Case 10 with a drum weight plus peak centrifugal force of 228 kN, a drum length of 2.0 m,
and a drum diameter of 1.50 m was compared to another roller with identical features but with
drum length of 1.0 m (case 12), i.e. half the original drum length. As shown in Figure 3.6a, the
surface displacement increased 2.1 times for single layer, and 1.8 times for two-layer systems.
Likewise, the surface stress increased by about 100% as the drum length was shortened by 50%,
as shown in Figure 3.6b. The increase in the contact area with an increase in the drum length results
in a reduction in the surface vertical stress.
3.5.3: Impact of Drum Diameter
Three rollers (cases 5, 7, and 11) were selected to assess the effect of the drum diameter on
soil responses. Their drum diameters were halved while the imposed weight and drum length were
kept constant, resulting in the roller described in case 6, 8, and 12. No significant change occurred
in the surface displacements for both single- and two-layer systems (see Figure 3.6). The surface
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stress increased when the diameter was halved, ranging from 6% for the smaller and lighter roller
(Case 5) to 34% for the heavier and larger roller (Case 11).
3.6: Evaluation of Approaches for Developing Forward Model
The traditional methods for modeling and optimizing complex drum-soil compaction
systems require huge amounts of computational resources. For this reason, a simplified model is
necessary to predict the pavement responses with minimal computational effort and reasonable
accuracy. Artificial intelligence (AI) with its predictive analytics and machine learning
components provides powerful predictive capabilities commensurate to traditional methods in
modeling the complex behavior of materials without incurring into high computing effort and time
(Fathi et al., 2019). Two models were developed and evaluated using genetic programming (GP)
and artificial neural network (ANN). A database was generated consisting of 7200 cases of
stationary static nonlinear (SSN) FE models with different operating features, as listed in Table
3.8, and geosystems with different properties using the feasible ranges of nonlinear k' parameters

Normalized Surface
Displacement

shown in Table 3.2.
2.5

(a) Impact on Surface Displacement

2.0
1.5
1.0
0.5
0.0
Weight
Doubled

Normalized
Surface Stress

2.5
2.0

Drum Length
Halved

Drum Diameter
Halved

(b) Impact on Surface Vertical Stress

1.5
1.0
0.5
0.0
Weight
Doubled

Drum Length
Halved
Single Layer
Two Layer

Drum Diameter
Halved

Figure 3.6 Evaluation of impact of weight, length and diameter of drum on surface displacement
and stress.
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3.6.1: Displacement
The general form of the mathematical model proposed using genetic programming for
predicting surface displacement underneath the center of the drum, dSSN, for both single and twolayer systems, consists of a function defined as:

(

d SSN = f k1b , k2b , k3b , k1s , k2s , k3s , h, L, D,W

)

(3.4)

where W (in kN) is the weight that includes the total force due to the drum weight FD and the peak
eccentric vertical force Fev, L (in m) is the drum length, D (in m) is the drum diameter, h (in mm)
is the thickness of the base, and k′ib and k′is the nonlinear parameters of the base and subgrade,
respectively. The following equation was able to predict the maximum surface displacement under
stationary static drums with different operating features. It must be pointed out that the last term
of Equation (3.5) is excluded for the prediction of displacement for single-layer geosystems.
d SSN = C1 + C2W +

(

)

(

)

C3
+ C2 cos (W ) + C5W k1s + k2s + k3s + C6  k1s W + k1s +
k1s

C7W
C h 
+ b 8 b b
223
L


 k1  k2  k3
cos 

 D 

(3.5)

where C1 = 0.00425, C2 = 0.0139, C3 = 205, C4 = 0.075, C5 = 5.58×10-6, C6 = 2.98×10-10, C7 =
0.0004, C8 = 4.65×10-5, and ψ is an operating index defined as:
=

L
W
D

(3.6)

Figure 3.7 compares the GP-predicted surface displacements under the drum to the
corresponding surface displacements as determined by FE modeling. GP can estimate the peak
surface displacement under rollers with different operating features fairly, as most of the cases fall
within the ±20% uncertainty bounds, with an R2 value of 0.73 and standard error of the estimate
of 0.39 mm.
To improve further the estimation of the surface displacements directly under the drum, an
artificial neural network (ANN) was developed. The ANN predicted surface displacements with
an R2 = 0.99 and SEE = 0.10 mm, as shown in Figure 3.8. As shown in Figure 3.9, the ANN-based
model predicts the surface displacements more accurately when compared to the equation provided
by GP. The error of estimate with ANN was less than 15% in 85% of the cases.
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Figure 3.7 Comparison of genetic programming predicted surface displacement to finite element
surface displacement obtained from stationary drums with different operating
features.
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Figure 3.8 ANN-based predicted surface displacement vs. surface displacement obtained from
FE model.
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Figure 3.9 Cumulative distribution of estimation error for the predicted surface displacement
using GP and ANN-based models.
3.6.2: Stiffness
Stiffness is defined as the resistance to deformation of a material under an applied load. As
such, stiffness is not a unique material property but the response of a pavement system to the load.
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Roller-measured soil stiffness can be normally derived from vertical force equilibrium of the
vibrating drum. In this study, the soil stiffness during pre-mapping as well as mapping process can
be determined as the ratio of force over surface displacement (k = W/dSSN) for the FE SSN models.
The general form of the proposed model for prediction of geomaterials stiffness for single-layer
(ks-SUBG) and two-layer geosystems (ks-COMP) is expressed using Equation (3.7).

(

d SSN = f k1b , k2b , k3b , k1s , k2s , k3s , h, L, D,W

)

(3.7)

where ks (in MN/m) is the stiffness of geomaterials, W (in kN) is weight including the total force
due to the drum weight FD and the peak eccentric vertical force Fev, L (in m) is the drum length,
D (in m) is the drum diameter, h (in mm) is the thickness of the base, and k′ib and k′is the nonlinear
parameters of the base and subgrade, respectively.
The composite stiffness of compacted geomaterials in two-layer system, ks, can be
predicted using the following GP equation:

(

)

k s = C1k1s + C2 hk2b + Lk1s e k2 C3 + C4 k3s + C5 hk2b e k2 +
s

s

C6 h k2b
k1b

(3.8)

where C1 = 0.0252, C2 = 0.135, C3 = 0.0339, C4 = 0.00616, C5 = – 0.0143, C6 = -0.0399, and ψ is
an operating index as defined in Equation (3.5). It must be pointed out that for the prediction of
stiffness for single-layer geosystems, Equation (3.8) reduces to:

(

ks = C1k1s + Lk1s ek2 C3 + C4 k3s
s

)

(3.9)

where coefficients C1, C3 and C4 are defined as shown above. Figure 3.10 compares the GPpredicted composite stiffness values to the stiffness values as determined from the FE responses.
Both single and two-layer systems are evaluated and included in the figure. The figure shows that
the proposed GP model can predict the stiffness favorably as judged by number of cases falling
inside the 20% error lines. The best regression line passing through the results shows an R2 value
of 0.83 and SEE of 34.7 MN/m.
As an alternative option, an ANN model was developed with the purpose of improving the
prediction of stiffness. Figure 3.11 compares the ANN-predicted model for composite stiffness for
both single and two-layer systems with the stiffness determined from the SSN FE models. The
ANN model yields a more favorable prediction of stiffness than the GP model, as shown by the
higher coefficient of determination (R2 = 0.99), and lower standard error of estimate (SEE = 11.8
MN/m). Thus, the ANN model proves to be an efficient tool that can reproduce the results provided
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by FE models in an expedite manner without conceding accuracy, making it suitable for
implementation in field operations.

GP-Predicted Stiffness
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Figure 3.10 Comparison of genetic programming predicted stiffness of layered geomaterials to
FE determined stiffness obtained from stationary drums with different operating
features.
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Figure 3.11 Comparison of ANN-predicted stiffness of layered geomaterials to FE determined
stiffness obtained from stationary drums with different operating features.
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Chapter 4: Field Evaluation
4.1: Introduction
This chapter summarizes the findings from the field testing performed at the MnROAD
test track facility where spot nondestructive tests (NDT) and proof-mapping with IC were
conducted to evaluate the outcomes of the numerical models developed. The MnROAD facility is
a 9.5 km (6-mi) test pavement facility, shown in Figure 4.1, located 65 km (40 mi) northwest of
Minneapolis/St. Paul, MN. Table 4.1 contains a summary of the activities at each site. Each activity
is briefly explained below.
(a)

(b)

Figure 4.1 MnROAD test track: (a) Aerial view of MnROAD low volume road and (b) satellite
view of low volume road, mainline and bypass I-94.
Test Strip.

Tests were carried out in Cells 185 through 189 (Cell 187 was not constructed

or tested). These cells are located on the south side of MnROAD low-volume road loop, as shown
in Figure 4.2. The pavement structures of the four test sections are shown in Figure 4.3. All sections
consist of a 300 mm (12 in.) base over a 90 mm (3.5 in.) intermediate layer of granular material
on top of subgrade. Coarse and fine recycled concrete aggregates (RCA) were used for the base
layer in Cells 185 and 186, respectively. Limestone and recycled aggregate Class 6 were used for
the base layers in Cells 188 and 189, respectively. The existing subgrade was tens of feet of an
imported sandy material for Cells 185 and 186, while a natural clayey subgrade was used for Cells
188 and 189. Geophones were installed at 150 mm (6 in.) and 600 mm (24 in.) into the subgrade,
and at 150 mm (6 in.) within the base layer, and pressure cells were placed 300 mm (12 in.) into
the base and subgrade, as shown in Figure 4.3. Actual identification of a test strip and preparations
for ground instrumentation are shown in Figure 4.4. Instrumentation of the test strip is shown in
Figure 4.5.
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Set up of GPS.

MnDOT base station was used. Data acquisition of the UTEP system

was synchronized with the roller’s Controller Area Network (CAN) system.
Table 4.1 Test activity and schedule.

Subgrade

Coordination and
Initial Set up

Tasks

Unbounded
Aggregate Base
(UAB)

August 1-2, 2017

July 20-25, 2017

July 17-19, 2017

Time

Activities
Construction and compaction of subgrade layer
Sample representative subgrade (MnDOT)
Coordinate with IC roller operator on how to collect, record, save, download and transfer data for this
project (CAT and UTEP)

Mark the test section and test spots in each cell (UTEP)
Arrange for field instrumentation (MnROAD, UTEP)
Obtain GPS coordinates for spot test locations (UTEP)
Install geophones at a depth of 150 mm (6 in.) and 600 mm (24 in.) from the top of subgrade, and pressure
cells at a depth of 300 mm (12 in.) from the top of subgrade (UTEP, MnROAD)
Map subgrade with IC roller (CAT and UTEP)
Carry out in-situ testing with modulus-based devices and NDG to establish moduli (UTEP, MnDOT)
Construction and compaction of base prior to testing
Sample representative prior to testing (MnDOT)
Install geophone at a depth of 150 mm (6 in.) within the base, and pressure cell at a depth of 300 mm (24
in.) from the top of base (UTEP, MnROAD)
Map Aggregate Base with IC roller (CAT and UTEP)
Carry out in-situ testing with modulus-based devices and NDG to establish moduli (UTEP, MnDOT)

Figure 4.2 Location of cells 185 through 1891 test sections within MnROAD low volume road.
Set up of IC Roller. UTEP, in cooperation with Caterpillar personnel, prepared the setup
of the IC roller. A smooth drum IC vibratory soil compactor with an operating weight of 157 kN
(35 kip), shown in Figure 4.6, was used for mapping the test sections after compaction. The
specifications of the IC roller are shown in Table 4.2. Sensors were mounted on the IC roller to
collect vibration data. The IC roller was checked for proper data collection and operating settings
including roller speed, and vibration frequency and amplitude. Instrumentation of roller at the test
site is shown in Figure 4.6.
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Construction. UTEP team observed the construction processes but was not involved in or
interfered with the operation.
150 mm
300 mm (6 in.)
(12 in.)

300 mm (12 in.)
Coarse RCA

300 mm (12 in.)
Fine RCA

90 mm (3.5 in.)
90 mm (3.5 in.)
Select Granular Borrow Select Granular Borrow
150 mm
300 mm (6 in.)
(12 in.)
600 mm
(24 in.)

300 mm (12 in.)
Recycled Aggregate
Base Class 6

90 mm (3.5 in.)
90 mm (3.5 in.)
Select Granular Borrow Select Granular Borrow
Subgrade
Clay

Subgrade
Sand

Subgrade
Sand

300 mm (12 in.)
Limestone Aggregate
Base Class 6

Subgrade
Clay

Geophone
Pressure Cell
*

Not to scale

Cell 185

Cell 188

Cell 186

Cell 189

Figure 4.3 Pavement structure of cells 185-189 and installation of ground sensors.
(a)

(b
)

(c)

Figure 4.4 (a) Test strip, (b) and (c) UTEP and MnROAD personnel preparations for embedding
ground instrumentation.
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(a)

(b)

(d)

(e)

(c)

(f
)

Figure 4.5 Installation of ground sensors: (a) Preparation of ground sensors, (b) wiring of sensors
by UTEP and MnROAD personnel, (c) embedment of geophone, (d) and (e)
geophone within geomaterial, and (f) pressure cell within geomaterial.
Table 4.2 Specifications of IC roller used in test sections.
Mass/Weights
Operating Weight
Drum and Frame Weight
Mass of Drum
Eccentric Mass, m0e0

157 kN
116 kN
5153 kg
5.06 kg·m

35,260 lb
26,110 lb
353.1 lb·s2/ft
1.137 lb·s2

2.1 m
48.8 kN/m

84 in.
278.7 lb/in.

1.5 m
2.1 m

60.4 in.
84 in.

Operating Specifications
Compaction Width
Static Linear Load
Dimensions
Drum Diameter
Drum Width
Vibratory System
Centrifugal Force – Maximum
Centrifugal Force – Minimum
Nominal Amplitude – High
Nominal Amplitude – Low
Vibratory Frequency – Standard

332 kN
74,600 lb
166 kN
37,300 lb
2.1 mm
0.083 in.
1.0 mm
0.039 in.
28 Hz (1680 vpm)

Proof-Mapping. MnDOT and UTEP personnel coordinated to perform proof-mapping of
test sections after compaction of the section was finished. Four forward passes were performed to
cover the test section width. Embedded ground sensor measurements were monitored and recorded
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by UTEP personnel as the roller passed along the line passing over the embedded sensors. UTEP
researchers monitored the adequate accelerometer’s measurements during each of the roller passes,
as evidenced in Figure 4.7.
(a)

RTK GPS

(b)

Accelerometer
s

Accelerometers and
Connections to DAQ

Figure 4.6 Field site instrumentation of roller compactor: (a) RTK GPS and wiring of
accelerometers to data acquisition system and (b) installation of both
accelerometers to measure vertical and horizontal vibration on roller compactor
drum frame.

Figure 4.7 UTEP personnel monitors proof-mapping process.
Post-Mapping Tests. UTEP and MnDOT personnel carried out spot tests at 36 points for
correlation testing, separated at a spacing of 7.5 m (25 ft) longitudinally, and 2.1 m (7 ft) in the
transverse direction, as schematically shown in Figure 4-8. The spacing of spot test measurements
was modified for Cells 185 and 186 to accommodate enough representative measurements. The
NDT devices used for those tests include:
•

Nuclear Density Gauge (NDG) by MnDOT,

•

Dynamic Cone Penetrometer (DCP) by UTEP/MnDOT,

•

Light Weight Deflectometer (LWD) by UTEP/MnDOT,

•

Falling Weight Deflectometer (FWD) by MnDOT, and
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•

Moisture sampling for validation of NDG by UTEP.

Laboratory Testing. Samples of geomaterials were collected at the site to determine the
variations in moisture content in the laboratory and to conduct laboratory resilient modulus tests
at several moisture contents, as well as index tests (gradation and Atterberg limits) and moisturedensity measurements. The purpose of laboratory evaluation was to determine the correlation
between the extracted mechanical properties of compacted geomaterials under field conditions
with those estimated under laboratory conditions.
Cell 185

Cell 186

Cell 188

Cell 189

Cell 187

D
2.1 m (7 ft)
C
2.1 m (7 ft)
B
2.1 m (7 ft)
A

9 @ 7.5 m (25 ft) spacing
70 m (226.5 ft)

9 @ 7.5 m (25 ft) spacing
70 m (226 ft)

9 @ 7.5 m (25 ft) spacing
70 m (226 ft)

9 @ 7.5 m (25 ft) spacing
70 m (225.5 ft)

Spot test (LWD, DCP)

Figure 4.8 Schematic of the proposed test layout
4.2: Laboratory Test Results
Table 4.3 summarizes the Atterberg limits and classification based on the Unified Soil
Classification System (USCS) of the two subgrades. Figure 4.10 shows the resilient modulus test
results for the sandy subgrade material (Figure 4.9a) and for the clayey subgrade material (Figure
4.9b) at OMC.
Table 4.3 Index properties of MnROAD subgrade materials.
Cells
Material Type
USCS Classification
Gradation, %

Atterberg Limits
(AASHTO T-89
and T-90)
Moisture/Density
(AASHTO T-99)

Gravel
Coarse Sand
Fine Sand
Fines
Liquid Limit (LL)
Plastic Limit (PL)
Plasticity Index (PI)
Optimum Moisture Content (OMC), %
Maximum Dry Density (MDD)
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185 and 186

188 and 189

Sandy Subgrade
SP-SM
30
39
20
11

Clayey Subgrade
CL
9
32
51
8
31
17
14
14.4
1897 kg/m3

Non-Plastic
6.5
2342 kg/m3

(146.2 pcf)

(118.4 pcf)

25
(a) Sandy Subgrade, Cells 185-186

Resilient Modulus, ksi

Resilient Modulus, ksi

25
20
15
10
Confining Pressure
2 psi
4 psi
6 psi

5
0

(b) Clayey Subgrade, Cells 188-189
20
15
10
Confining Pressure
2 psi 4 psi 6 psi

5
0

0

10

20
30
Bulk Stress, psi

40

0

10

20
30
Bulk Stress, psi

40

Figure 4.9 Resilient modulus test results for subgrade materials at OMC.
Table 4.4 summarizes the measured parameters from the resilient modulus tests performed
as per AASHTO T-307 for both types of subgrade.
Table 4.4 Resilient modulus results at OMC for subgrade materials
Cells
185-186
188-189

Moisture
Content, %
6.5
14.1

Dry Density

Nonlinear Parameters

Representative Resilient
Modulus MR

kg/m3

pcf

k′1

k′2

k′3

MPa

ksi

2342
1897

146.2
118.4

352
649

1.41
0.62

-0.42
-2.56

77.9
59.3

11.3
8.6

Note: σc = 85.5 kPa (12.4 psi) and τoct = 20.7 kPa (3 psi) for subgrade, respectively, as recommended by NCHRP Project 1-28A

Four different base materials, designated as coarse reclaimed concrete aggregate (RCA),
fine RCA, limestone aggregate Class 6, and reclaimed asphalt and concrete aggregate (RAP+RCA)
Class 6, were also retrieved from MnROAD facility from Cells 185, 186, 188 and 189,
respectively. Table 4.5 summarizes the optimum moisture content (OMC) and maximum dry
density (MDD) of the four base materials used following the AASHTO T-188 Specification.
Resilient modulus tests were also carried out on duplicate specimens at five different moisture
contents. Table 4.6 summarizes the resilient modulus tests of the four different bases at OMC. For
all materials, the highest resilient modulus occurred at dry conditions, i.e. at moisture contents
below the OMC. Resilient moduli decreased gradually as moisture increased.
4.3: Field Testing Results
A data reduction process was implemented to obtain the acceleration time histories
necessary for the calculation of the roller-based stiffness. This data reduction process starts with
the conversion of the accelerometer time-domain voltage output into time-domain acceleration
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measurements. To capture the eccentric mass position and acceleration of the roller precisely, data
were sampled at a frequency of 10 kHz using blocks with 6000 data points, for a frequency
resolution of 1.67 Hz in the frequency domain. For the analysis purposes, such as the calculation
of CMV, the acquired acceleration time histories were decimated and filtered to blocks of 600 data
points acquired at a sampling frequency of 1 kHz for a spatial resolution of roller measurements
of 0.5 m (1.7 ft) when roller speed is 3.2 kph (2 mph).
Table 4.5 Index properties of MnROAD base materials.
Cells
Material Type

185

186

188

189

Coarse RCA

Fine RCA
SP

Limestone
aggregate Class 6
GW

RAP+RCA,
Class 6
GP

GW
10.5

10.9

6.6

10.5

1962 kg/m3
(122.5 pcf)

1922 kg/m3
(120.0 pcf)

2284 kg/m3
(142.6 pcf)

1969 kg/m3
(122.9 pcf)

USCS Classification
Moisture/Density
(AASHTO T-188)

Optimum Moisture
Content (OMC), %
Maximum Dry
Density (MDD)

Table 4.6 Resilient modulus results at OMC for base materials.
Cells
185
186
188
189

Moisture
Content, %
10.5
10.9
6.6
10.5

Dry Density

Nonlinear Parameters

Representative
Resilient Modulus MR

kg/m3

pcf

k′1

k′2

k′3

MPa

ksi

1962
1922
2284
1969

122.5
120.0
142.6
122.9

511
484
500
408

0.82
0.86
0.60
0.96

-0.06
-0.06
-0.05
-0.12

128.7
126.2
97.9
117.2

18.7
18.3
14.2
17.0

Note: σc = 214 kPa (31 psi) and τoct = 51.7 kPa (7.5 psi) for subgrade, respectively, as recommended by NCHRP Project 1-28A.

4.3.1: Comparison of Data Acquisition Systems ICMVs
Figure 4.10 compares the raw CMV data as collected by the Controller Area Network
(CAN) for the communication between the roller’s data acquisition components and the UTEP
data acquisition system as measured during proof-mapping on top of sandy and clayey subgrade,
and on top of base on top of the shown subgrades. CMVs from CAN and the UTEP data acquisition
systems are almost identical. The sandy subgrade exhibited higher CMVs than the clayey
subgrade. Higher CMVs observed at the beginning and ending of the operation of the roller are
attributed to the roller’s proof-mapping speed and/or frequency other than the operating speed and
frequency for a brief period. In addition, CMVs obtained on top of the flexible bases were greater
than those obtained on their respective subgrades.
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Figure 4.10 CMVs as collected by the CAN and the UTEP DAQ system while proof-mapping on
top of subgrade and base course materials.
4.3.2: Mapping of ICMV
Since the vibration data is collected at a discrete point at the edge of the roller drum during
IC proof-mapping, many data analysis programs incorporate various processes to extrapolate that
measured ICMV data point over the width of the roller prior to generating the color-coded map.
Some of the extrapolation techniques that are used include the Inverse Distance Weighting (IDW),
spline and ordinary kriging (Mazari et al., 2017). These methods enhance the “richness” of the
visualization of the data by smoothing the color-coded contours and filling the gaps in the
information. However, the “fidelity” of the ICMV data may be affected by the inclusion of these
techniques. Kriging, an advanced geostatistical procedure that generates an estimated surface from
a set of scattered points, for instance, does not pass through any of the measured points and its use
for mapping purposes causes interpolated values to be higher or lower than real values. On the
other hand, spline interpolation does not work well when sample points have extreme differences
in magnitude and are close together.
It is also impractical to estimate the exact position of the roller for a reported coordinate
due to its size, because the roller must move some distance to collect adequate amount of data to
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estimate ICMV, and due to the inherent uncertainties related to the accuracy of the reported GPS
devices and satellite coverage.

For this reason, a grid (called sublots hereafter) equal to the width

of the roller and the length equal the minimum length of the compacted section was established
that is practical to rework, set by the judgement and discretion of the engineer.

In the study

performed at MnROAD, a length of 7.5 m (25 ft) was used. For mapping ICMV measurements,
rectangular sublots around feature points defined by the geo-referenced spot test locations were
established following the proposed test layout, as illustrated in Figure 4-9. All actual ICMV
measurements with the accelerometer falling inside each sublot were averaged to obtain a
representative ICMV.
Figure 4.11 shows the roller line passes through the superimposed sublots, as well as the
number of ICMV measurement points per sublot for subgrade cells. ICMVs found within these
sublots were averaged to obtain a representative ICMV for that sublot. This approach for
discretizing the continuous collected CMV data facilitates the comparison of the geospatial data
obtained with the IC-instrumented roller with supplemental NDT spot test measurements.
Figure 4.12 shows the sublots averaged CMVs in a color-coded map as obtained after
processing the data acquired by the UTEP DAQ system on top of Cell 189 clayey subgrade.
Implemented color criteria for mapping ICMVs, which is shown in Table 4.7, assumes that
the variation of 25% is considered acceptable. The less-stiff sublots in red correspond with a
representative ICMVs of less than 75% of the average ICMV of all sublots. Any sublot with a
representative ICMV greater than average ICMV of the lot is considered relatively stiffer, and any
sublot with average ICMV of less than 75% of the average ICMV of the lot is considered less stiff.
If the representative ICMVs of all sublots are within ±25% of the average ICMV of the lot, the
color-coded map may not contain red sublots. Also, a sublot with a representative ICMV of 75%
of average ICMV of the lot is not considered as a sublot that does not provide adequate modulus,
but merely that its modulus is less than other areas of the lot. The COV color-coded map can be
used to determine whether the representative ICMV can be trusted since either due to constructionrelated or equipment related issues a given sublot is not uniform.
Soil characteristics and heterogeneity, as well as the underlying soil, significantly affect
the ICMVs. The higher the variability of the measurements is, the less reliable they will be. To
assess the variability of the IC measurements, which addresses the uniformity of the test section,
maps were generated representing the coefficient of variation of the averaged ICMVs for each
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sublot. Prior to generating the maps, quality control on the ICMV datasets was performed to
remove ICMVs that occurred in sublots that exhibited high variability (COV > 50%) and those
calculated at operating frequencies beyond ±5 Hz of the roller nominal operating frequency, which
usually leads to erroneous ICMVs.
Figure 4.13 shows a representative map of the COV of CMVs for a clayey subgrade section
(Cell 189). Table 4.8 shows the color-coded criteria for mapping the coefficient of variation.

Figure 4.11 (a) Roller line passes and (b) number of CMV measurements.

Figure 4.12 CMV measurements.
Table 4.7 Criteria for color-coded maps of measurement values.
Color

Criterion for CMV, Force, Frequency, Speed
and NDT Spot Test Measurement

Criterion for Displacement

Red
Yellow
Green

< 75% Mean
75% Mean – Mean
> Mean

> 133% Mean
Mean – 133% Mean
< Mean
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Figure 4.13 Mapping of Coefficient of Variation of CMVs.
Table 4.8 Criteria for Color-Coded Mapping of Coefficient of Variation of IC Measurements.
Color

Criterion

Red
Yellow
Green

> 35%
25% Mean – 35% Mean
< 25% Mean

4.3.3: Mapping of Displacement
Figure 4.14 shows the surface displacement color-coded map of Cell 189 clayey subgrade
obtained from the measured acceleration. This case corresponds to the mapping of the surface
displacements on top of subgrade. Color-coded criteria shown in Table 4.7 are again used for
coloring the sublots. Higher surface displacements were observed in sublots identified as less-stiff.
4.3.4: Mapping of Total Force
Mapping of the total applied force as part of the post-processing of the acquired
acceleration time histories was also performed. The total applied force consists of the machine
weight, the eccentric force, and the drum and frame inertia. Drum and frame weight, masseccentricity, and phase lag are parameters listed among the operating features of the roller used at
the site, provided in Table 4.2. To calculate the applied force, the eccentric force is calculated by
measuring the vertical drum acceleration and eccentric mass position, while the frame inertia is
neglected. The position of the eccentric mass is identified using a third channel of the data
acquisition system dedicated to recording a pulse signal indicating the eccentric mass position.
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Figure 4.15 shows the color-coded map of the averaged applied force for Cell 189 using the criteria
in Table 4.7. Line 2 exerted relatively higher loads to the pavement.

Figure 4.14 Surface deflection measurements
4.3.5: Mapping of Stffness
Using the force and displacement time histories, the force-displacement hysteresis loops
can be developed to obtain the roller-measured stiffness. Figures 4.16 and 4.17 show the forcedisplacement hysteresis loops from proof-mapping measurements along one of the passes on top
of the two different subgrade materials and on top of one of the base material, respectively. Figure
4.16 compares the stiffness between the sandy and clayey subgrade materials. As expected, higher
stiffness values are measured on top of the sandy subgrade. When a 300 mm (12 in.) coarse RCA
base material was laid on top of the sandy subgrade, the roller-measured stiffness increased in
magnitude when compared to the stiffness obtained on top of the sandy subgrade in the same
location, as shown in Figure 4.17.
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Figure 4.15 Mapping of average applied forces.
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Force (kN)

100

Subgrade
Sand: ks = 60.6 MN/m
Clay: ks = 41.0 MN/m

ks Sand
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ks Clay
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-200
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
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1.5

2.0

2.5

Figure 4.16 Force-displacement hysteresis loops for the calculation of stiffness, ks, obtained from
measurements on sandy and clayey subgrade materials on cells 185 and 188,
respectively.
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Figure 4.17 Force-displacement hysteresis loops for the calculation of stiffness, ks, obtained from
measurements on sandy subgrade and coarse RCA base material on top of sandy
subgrade, both on cell 185.
The calculation of the stiffness was simplified by obtaining the ratio of the complex
amplitudes of the force and displacement records in the frequency domain at the roller’s operating
frequency. This approach, which rapidly and robustly yields a unique stiffness value for each block
of data assigned to a GPS coordinate, provides a representative stiffness analog to the average
stiffness calculated from multiple force-displacement hysteresis loops for that block of data points.
Integrating this approach into the analysis module that processes the measured proof-mapping
datasets acquired by the UTEP-DAQ system allowed the generation of maps showing the stiffness
of proof-mapped geomaterials using the proposed gridding. Like CMV measurements, stiffness
measurements were averaged within each sublot to provide a unique stiffness value that represents
an area that is adequate for rework. Figures 4-18 shows the spatial variation in stiffness obtained
by the UTEP DAQ as the roller proof-mapped the site, for a clayey subgrade in the case shown in
figure.
4.3.6: Mapping of NDT Spot Test Measurements
Supplemental LWD, FWD and DCP tests were performed along the evaluated test sections.
Triplicate LWD tests were carried out every 7.5 m (25 ft) at every spot corresponding to each
sublot, as shown in Figure 4.8. In addition, DCP tests were performed at every spot, and FWD
testing was conducted following the roller line passes.

Figure 4.19 shows the color maps of

average LWD and FWD moduli, as well as the number of DCP blows to penetrate 450 mm (18
in.) using the criteria shown in Table 4.7. The FWD moduli were calculated using the same
equation for calculating the LWD moduli, by using the deflection directly under the load. Spot test
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measurements were collected, and maps developed with purpose of evaluating the proposed
backcalculation models, described in Chapter 5 of this dissertation. These measurements were also
used for calibrating the developed forward models. Sublots lacking any measurement were
reported in white color, as shown in Figure 4.19b.

Figure 4.18 Mapping of stiffness, ks.
(b) FWD

(a) LWD

(c) DCP

Figure 4.19 Mapping of spot tests: (a) LWD modulus, (b) FWD modulus and (c) number of
blows to penetrate 450 mm (18 in.).
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Chapter 5: Calibration of Numerical Models
5.1: Introduction
This chapter compares the measured field data with the responses obtained from the
forward models with different levels of sophistication. Different strategies for calibration of the
forward models that simulate the pavement responses during mapping process are discussed in this
chapter. The process of deriving adjustment factors for the forward models to represent the field
conditions more realistically is then discussed.
5.2: Structural Models
Nazarian et al. (2015) discussed that direct estimation of field moduli using deflectionbased NDT devices from laboratory measured moduli was not appropriate, and that the lab and
field moduli must be related through calibrated structural models. With that precedent, different
response algorithms were developed and calibrated with the experimental results obtained from
the laboratory tests and field measurements of the actual pavement sections. These models
involved different levels of sophistication that are described in Chapter 3 and listed in Table 3.3.
5.3: Evaluation and Calibration of Forward Models
Table 5.1 presents information about the two constructions used for the evaluation of
forward models. The data collected for this purpose consisted of the vertical displacements as a
roller approached to and moved away from the embedded geophones, as shown in Figure 5.1. The
additional information included the laboratory properties of the geomaterials and field spot test
measurements. The data collected at Site 1 was used to evaluate the pavement responses under
several rollers with different operating features as discussed next.
Table 5.1 Field test sites.
Site

Location

1

Cleburne, TX

2

MnROAD, MN

Layer
Clayey subgrade on top of existing
embankment.
Sandy (Cells 185 and 186) and clayey
(Cells 188 and 189) subgrade*
300 mm (12-in.) thick unbound aggregate
base on top of subgrade*

* See Figure 4.3 for detailed information.
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Dimensions
150 m (500 ft) long test
section
70 m (225 ft) long test cells*

30 m

30 m

Figure 5.1 Data collection during vibratory moving condition.
Table 5.2 lists the properties of the layers at these two test sites. Table 5.2 also lists the
averaged LWD moduli obtained on top of each layer as part of the spot testing program conducted
at those sites. In the case of the two-layer systems, the LWD moduli correspond to composite
moduli of top and bottom layer. The base moduli in Table 5.2 were backcalculated using the LWD
measurements on top of the subgrade and base.
5.3.1: Calibration of Forward Models under Stationary Vibration
Three different roller manufacturers furnished rollers for vibration measurements at Site 1.
The specifications of those rollers are summarized in Table 5.3. Even though not common, all
three roller operators vibrated their rollers in a stationary position under different setting for a very
short period.
Figure 5.2a shows the vertical displacement time histories measured with the two
geophones embedded at depths of 0.6 m (24 in.) and 1.2 m (48 in.) during the stationary vibration
of a roller at low frequency and high amplitude, while corresponding displacement time histories
of the roller are shown in Figure 5.2b. The measured displacements in the stable region (after the
roller ramped up to the desired setting and before the roller decelerated to no vibration) was
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averaged to obtain representative displacements for comparison with the FE models’
displacements. For simulations using the linear elastic models, the LWD modulus was used as
input.
Figure 5.3 compares the measured and simulated displacements under the vibratory roller
at low and high amplitude settings. The two displacements show similar trends but with different
amplitudes.
Table 5.2 Geomaterial properties of test sections.
Properties of Geomaterial
Site

1

Location

Cleburne, TX

Layer

Resilient Modulus MR Results
(Modified MEPDG Model)
k′1

k′2

k′3

Subgrade

269

0.54

-3.0

Subgrade

335

1.6

-0.6

Base

512

0.8

-0.1

Subgrade

335

1.6

-0.6

Base

484

0.9

-0.1

Subgrade

649

0.6

-2.6

Base

500

0.6

-0.1

Subgrade

649

0.6

-2.6

Base

408

0.9

-0.1

Cell 185

Cell 186
2

MnROAD
Cell 188

Cell 189

In Situ Test

MR

ELWD

21 MPa
(3.1 ksi)
79 MPa
(12 ksi)
129 MPa
(19 ksi)
79 MPa
(12 ksi)
126 MPa
(18 ksi)
59 MPa
(8.6 ksi)
98 MPa
(14.2 ksi)
59 MPa
(8.6 ksi)
118 MPa
(17.1 ksi)

41.8 MPa
(6.1 ksi)
29 MPa
(4.3 ksi)
63 MPa
(9 ksi)
36 MPa
(5.2 ksi)
99 MPa
(14 ksi)
43 MPa
(6.2 ksi)
78 MPa
(11.3 ksi)
26.3 MPa
(3.8 ksi)
67 MPa
(9.7 ksi)

Modulus*
˗˗˗
˗˗˗
117 MPa
(17 ksi)
˗˗˗
193 MPa
(28 ksi)
˗˗˗
138 MPa
(20 ksi)
˗˗˗
134 MPa
(19 ksi)

* Base modulus backcalculated using LWD moduli measured on top of base and subgrade surface.
** Too stiff to sample.
† Base layer placed on top of stiff subgrade.

Figure 5.3 compares the measured and simulated displacements under the vibratory roller
at low and high amplitude settings. The two displacements show similar trends but with different
amplitudes.
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Table 5.3 Specifications of IC rollers used for calibration of forward models.
Model

Width
(m)

Operating
Weight (kN)

Centrifugal
Force (kN)

Frequency
(Hz)

Caterpillar

CS74B

2.1

157

166 – 332

23.3 – 28

Sakai

SV540T

2.1

109

172 – 255

28.3 – 33.3

Hamm

HD120

2.1

110

171 – 246

30 – 40

Vendor/ Manufacturer

2.5

Geophone Depth
0.6 m (24 in.)
1.2 m (48 in.)

0.8 (a)

Surface Displacement,
mm

Geophone Measured
Displacement, mm

1.0

0.6
0.4
0.2
0.0
0

2

4

6

Accelerometer 1
Accelerometer 2

2.0 (b)
1.5
1.0
0.5

0.0
0

8 10 12 14 16 18 20
Time, sec

5

10
Times, s

15

20

Figure 5.2 Measured IC data during stationary vibratory test on top of embankment using Sakai
roller operating under low frequency and high amplitude: (a) displacement
measured by embedded geophones; (b) surface displacement calculated from
mounted accelerometers.
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Figure 5.3 Vertical displacement at different depths as obtained from FE SSL model and field
measurements during stationary vibratory tests on top of subgrade.
Figure 5.4 compares the measured and simulated displacements during stationary tests with
all three rollers under five different scenarios. Different roller manufacturers had different
definitions for the low and high amplitude vibrations. The closeness of the measured and simulated
data for each case is summarized in Table 5.4. The displacements from the SSL FE model are
systematically about 2.6 times greater than those measured by geophones in the field (Figure 5.4a).
By introducing nonlinearity into the static stationary FE model (SSN), a better correlation between
the measured field data and computed nonlinear FE SSN model is obtained as judged by a higher
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coefficient of determination of R2 = 0.74, and a lower standard error of estimate, SEE = 0.17 mm
(Figure 5.4b). However, the slope of the regression line indicates a systematic difference of 5.5
times. These systematic differences can be attributed to the differences in the stress states and the
compaction efforts achieved in the field and laboratory.
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Figure 5.4 Relationship between geophone measurements during stationary tests for single-layer
geosystem at site 1 to their corresponding FE responses.
To better represent the state of stress and compaction effort, parameter k′1 in Equation 3.2
was recalculated by replacing the representative MR modulus with the LWD modulus while
maintaining the k′2 and k′3 to their corresponding values obtained from the laboratory MR tests. As
shown in Figure 5.4c, the simulated displacements are about 2.9 times greater than the measured
ones. Figures 5.4d and 5.4e show that the introduction of vibratory conditions to the simulation
only marginally impacted the outcomes.
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Table 5.4 Summary of relationships of measured field displacements for single-layer geosystem
during stationary tests at site 1 to FE model responses from various levels of
sophistication.
Descriptive
Correlation

SSL
FE
Model

SSN FE Model
Laboratory
k′1

VSN FE Model

Recalculated
k′1 †

*

Laboratory

Recalculated

k′1

k′1 †

*

Adjustment Factor, S 2.56
5.50
2.95
4.88
R2‡
0.58
0.74
0.74
0.73
‡
SEE
0.36
0.17
0.17
0.17
* Nonlinear k′1 parameter determined from resilient modulus test as per AASHTO T-307.
† Recalculated k′1 parameter using LWD modulus as resilient modulus in Equation (3.2).
‡ Coefficient of determination, R2, and standard error of the estimate, SEE.

2.60
0.75
0.16

5.3.2: Calibration of Forward Models under Moving Vibration
The dataset consisting of accelerometer and geophone measurements collected under a
moving vibratory roller at Site 2 is used as an example of this process. A Caterpillar CS74B roller,
listed in Table 5.3, with low amplitude and high frequency operating settings was utilized in this
site and simulated for calibration purposes.
Single Layer Systems. Figure 5.5a shows the measured vertical displacements as recorded
by the embedded geophones over 30 m (100 ft) during mapping of the clayey subgrade of Cell
188. Figure 5.5b shows the corresponding surface displacements. Distance zero corresponds to the
location of the embedded geophones. Most appreciable vertical geophone deformations are limited
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Figure 5.5 Field measurements during proof-mapping on top of clayey subgrade at site 2.
The displacements measured and simulated using stationary static linear (SSL) condition
are compared in Figure 5.6. The deflection basins resemble one another but with some shift in the
magnitude. The summary of the peak displacement measurements on top of the subgrade for Cells
185 through 189 at Site 2 is presented in Table 5.5. The displacements measured by the geophones
embedded in the sandy subgrades are slightly larger than those obtained for the clayey subgrades.
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The influence depth of cells containing sandy material is thus slightly greater than the penetration
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Figure 5.6 Displacement basin at different depths as obtained from FE SSL model and field
measurements during vibratory moving test on top of subgrade for cell 188.
The transfer functions between the measured and simulated displacements for several
different levels of sophistication of FE models for all four cells are summarized in Table 5.6. The
FE SSL model displacement responses were about 3.5 times greater than those measured in the
field with a weak correlation coefficient of determination of 0.48. The best relationships between
the measured and simulated results were obtained when the vibratory and nonlinear nature of the
load was considered.
Table 5.5 Vertical displacement at different depths for cells 185 through 189 under moving
vibration tests on top of subgrade at site 2.
Embedded Geophone Depth
Sandy Subgrade
Depth

Cell 185

Cell 186

1.41
0.75
0.46

1.34
0.70
0.37

Cell 188

Cell 189

Surface

1.22

1.18

0.15 m (6 in.)

0.59

0.26

0.6 m (24 in.)

0.31

0.61

Surface
0.15 m (6 in.)
0.6 m (24 in.)
Clayey Subgrade

Depth

Peak Vertical Displacement (mm)

Two-Layer Systems. The approach described in the previous section was also
implemented for the two-layer (subgrade and base) systems. Figure 5.7a shows the example
measurements of the embedded geophones at different depths for a pavement structure consisting
of unbound aggregate base layer on top of a clayey subgrade (Cell 188). The base layer attenuates
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the measured displacement of the embedded geophones in the subgrade. Figure 5.7b shows the
surface displacements during the mapping of the base layer (Cell 188). These measurements are
more variable than the measurements on top of the subgrade (Figure 5.5b) because of the bouncing
of the drum due to the stiffer base material and the skill of the operator that tended to drive the
roller faster than instructed.
Table 5.6 Summary of relationships of measured field displacements for single-layer geosystem
during moving tests at site 2 to FE model responses for various levels of
sophistication.
Descriptive
Correlation
Adjustment Factor, S
R2‡
SEE ‡

SSN FE Model

VSN FE Model

SSL FE
Model

Laboratory

Recalculated
k′1 †

Laboratory

Recalculated

k′1 *

k′1 *

k′1 †

3.47
0.48
0.53

1.41
0.48
0.08

2.85
0.60
0.44

1.67
0.79
0.13

4.04
0.79
0.41

* Nonlinear k′1 parameter determined from resilient modulus test as per AASHTO T-307.
† Recalculated k′1 parameter using LWD modulus as resilient modulus in Equation (3.2).
‡ Coefficient of determination, R2, and standard error of the estimate, SEE

Figure 5.8 compares the displacement basins measured and simulated with SSL FE at the
three different depths for Cell 188. As the roller moves further away from the geophones, the
displacements attenuated at a faster rate for the FE model in comparison to the field data.
Like the single-layer systems, different FE scenarios were taken into consideration for the
two-layer systems including linear and nonlinear behaviors for the simulated geomaterials under
static and vibratory loading conditions. Table 5.7 summarizes the descriptive statistics of the
relationships for the vibratory moving IC-tests performed on top of the base layer at Site 2.
Considering the nonlinear behavior of the materials yields better relationships among the measured
and simulated results.
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Figure 5.7 Field measurements during proof-mapping of base layer on top of clayey subgrade at
site 2.
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Figure 5.8 Displacement basin at different depths as obtained from FE SSL model and field
measurements during vibratory moving test on top of base for cell 188 at site 2
(MnROAD).
Table 5.7 Summary of the descriptive relationships of the measured field displacements for twolayer geosystem during moving tests at site 2 to the FE model responses for various
levels of sophistication.
SSN FE Model
Descriptive
Correlation
Adjustment Factor, S
R2‡
SEE ‡

SSL FE
Model
5.11
0.45
0.26

Laboratory
k′1

*

3.19
0.81
0.08

VSN FE Model

Recalculated
k′1 †

Laboratory

Recalculated

k′1

*

k′1 †

5.06
0.54
0.36

3.55
0.72
0.16

5.84
0.57
0.58

* Nonlinear k′1 parameter determined from resilient modulus test as per AASHTO T-307.
† Recalculated k′1 parameter using LWD modulus as resilient modulus in Equation (3.2).
‡ Coefficient of determination, R2, and standard error of the estimate, SEE

5.3.3: Global Relationships
Considering the results obtained from the two test sites on top of single- and two-layer
geosystems, this section aims to develop global relationships between the measured field data
and the FE responses.
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Figure 5.9 compares the measured and simulated peak displacements directly under the
roller at different depths, under both the stationary and moving conditions for the evaluated sites.
The SSL FE model yields displacements that are globally about 2.85 times greater than the field
measurements with significant scatter. These results are in concurrence with those found in
NCHRP 10-84 (Nazarian et al., 2015) for spot tests. The scatter in the data can be attributed to the
variability of the moisture content along the test sections.
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Figure 5.9 Global relationship between field measured displacements for vibratory rollers and FE
SSL model displacement.
Figure 5.10a shows the global relationship of the nonlinear SSN FE model and the
corresponding field data considering the laboratory determined nonlinear k' parameters as model
inputs. Two trends are observed for the measurements corresponding to Site 1 and Site 2 that can
be attributed to the difference in compaction effort resulting in different states of stress. In that
respect, resilient modulus tests of clayey subgrade materials yielded a nonlinear k'1 parameter (the
parameter associated to stiffness) at Site 1 lower in magnitude than those obtained for Site 2.
However, a higher averaged LWD modulus was reported for the subgrade at Site 1 compared to
those of Site 2 (see Table 5.2). This can be attributed to the resilient modulus test that cannot
properly account for the compaction effort the geomaterials experience in the field, leading to
different site-specific adjustment factors, as shown in Figure 5.10a.
To minimize this drawback, the LWD and laboratory results can be integrated so that the
stress hardening and cohesiveness causing softening behaviors of the geomaterials under the
loading can be quantified by nonlinear k′2 and k′3 parameters, respectively. The k′1 parameter
(associated with stiffness), on the other hand, can be more representative as compared to field
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condition when is adjusted by LWD measurements. As shown in Figure 5-10b, this approach
yields more uniform global relationship with higher R2 value and lower SEE. The results in this
case again confirms the findings of NCHRP 10-84 with spot test devices.
The developed global adjustment factors are necessary to accommodate the differences
between field measurements and numerical analysis. These transfer functions can be incorporated
as part of the process to extract the mechanical properties of compacted geomaterials during proof
mapping using robust inverse solvers developed based on the numerical pavement responses.
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Figure 5.10 Global relationships between field geophone measured displacements and their
corresponding SSN FE model displacements with different input modeling
approaches.
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Chapter 6: Extraction of Mechanical Properties
6.1: Introduction
To extract mechanical properties in a practical manner, a robust backcalculation technique
that does not require excessive processing time is needed. This section aims to report on our efforts
to develop procedure(s) to extract the mechanical properties of geomaterials during mapping of
the compacted layers on a real-time basis.
6.2: Selecting Backcalculation Process
The extraction of mechanical properties of layered materials can be performed directly
using ICMVs captured during the mapping process or indirectly using a reliable inverse solver that
incorporates ICMVs in the estimation of soil properties. The following sections describe each of
the two approaches.
6.2.1: Estimation of Stiffness
As discussed in Chapter 4, the layer stiffness can be extracted directly from the force
imposed by the drum and the deflection at that location. Force-displacement loops are created by
plotting the time-varying contact force versus drum displacement as shown in Figures 4.16 and
4.17. However, the calculation of stiffness can be simplified by obtaining the ratio of the complex
amplitudes of the force and displacement records in the frequency domain at the roller’s operating
frequency. This process allowed the development of maps of the surface deflections and the
stiffness of geomaterials as shown in Figure 4.18.
6.2.2: Backcalculation of Modulus
Due to the nonlinear behavior of the unbound geomaterials, the modulus of a layer varies
spatially and with depth. To gauge the quality of the pavement, it is desirable to use a representative
modulus for the layer. The modulus at half-depth of the base and at 300 mm (12 in.) into the
subgrade were considered as their representative properties, respectively. For the single-layer
geosystems (subgrade), the layer stiffness can be extracted directly at each spatial location by
dividing the known force of the roller by the corresponding deﬂection. For a multi-layer
geosystem, this process would provide a composite stiffness.
For developing inverse models for the backcalculation of the moduli of the subgrade
(ESUBG) and base layers (EBASE), a set of machine learning techniques were implemented.
Artificial neural network (ANN) method was used for that purpose. As a first step, a dataset
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consisting of 2200 single layer and 4400 two-layer geosystems with different base thicknesses
was utilized.
The ANN model is comprised of an input layer, including nine predictor independent
variables at the most complex level, i.e., the nonlinear k′ parameters of base and subgrade, base
thickness h and surface displacements d1 and d2 corresponding to top of subgrade and base layer,
respectively, and an output layer which includes the values predicted by the network.
More complex inverse solver can be developed to predict more precisely the output.
However, more complex inverse solvers require more laboratory efforts to determine the needed
input variables. Based on the available input parameters from IC field operation and laboratory
test results, two backcalculation scenarios for predicting ESUBG and two scenarios for EBASE were
proposed as the most optimal ones. The scenarios and their corresponding input parameters are
listed in Table 6.1.
Figure 6.1 shows the results obtained from the algorithms trained to backcalculate subgrade
modulus for the proposed Scenarios 1 and 2. The results show that both scenarios can predict the
subgrade modulus quite accurately. In this case, Scenario 1 is preferred because of its simplicity.
In contrast to the single-layer systems, the backcalculation of the modulus of base layer
requires additional input parameters. Scenarios 3 and 4 were proven viable, as shown in Figure
6.2.
Table 6.1 Feasible backcalculation scenarios based on available IC field/lab data.
Geosystem

One layer

Input Parameters*

Scenario
1
2
3
4

h,
h,
h,
h,

k′1s, k′2s, k′3s, d1
k′1s, k′2s, k′3s, d1, MRSUBG-Rep
k′1b-back, k′2b, k′3b, d2, d1
k′1s-back, k′2s, k′3s, k′1b-back, k′2b,

Target
Subgrade Modulus ESUBG

k′3b, d2, d1

Base Modulus EBase

* ESUBG input values for two-layer systems is the modulus of subgrade determined 300 mm (12 in.) from top of subgrade as obtained
from nonlinear FE analysis, MRSUBG-rep is the resilient modulus of subgrade material calculated from NCHRP 1-28A representative
stresses, and k′1-back is the backcalculated k′1 value using LWD modulus ELWD of the corresponding layer into Ooi et al. (2004)
model (Equation 3.2).
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Figure 6.1 ANN-predicted vs FE-measured subgrade modulus using ANN with different input
scenarios..
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Figure 6.2 ANN-predicted vs FE-measured base modulus using ANN with different input
scenarios.

6.3: Evaluation and Calibration of Inverse Models
The displacement measurements acquired during the proof-mapping the MnROAD test
sections (Site 2), in addition to the nonlinear k′ parameters obtained from the resilient modulus test
as per AASHTO T-307, were used for evaluating the proposed inverse scenarios/architectures.
Table 6.2 lists the inputs used for the evaluation of the inverse solver scenarios using data from
the four pavement sections built at MnROAD. Prior to feeding the input displacements d1 and d2
into the inverse solver, the field measured displacements were adjusted using a global factor f =
3.2 obtained for SSN models as discussed in Chapter 5.
The extracted moduli of single- and two-layer systems obtained from the inverse scenarios
are compared with the corresponding LWD measurements for Cells 185 through 189 in Figure 6.5.
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Scenarios 1 and 2 yield promising results for the single-layer systems as most of the samples fall
inside the 20% uncertainty bounds (Figures 6.3a and 6.3b). However, Scenario 1 is the optimal
one in comparison to Scenario 2 for extracting the modulus of subgrade materials as requires less
input parameters. Scenarios 3 and 4 can predict the base modulus with reasonable accuracy as
shown in Figures 6.3c and 6.3d. Again, Scenario 3 is recommended as the most optimized inverse
solver for extracting the base modulus since it is less complicated and requires fewer input
parameters, and hence less laboratory efforts as compared to Scenario 4.
As observed in Figures 6.3c and 6.3d, the extracted moduli of the top (base) layer from
Scenarios 3 and 4 are about 1.2 and 1.1 times of the backcalculated LWD moduli, respectively.
The difference between the field measurements and extracted values can be attributed to the global
adjustment factor acquired during the calibration process in Chapter 5. The prediction can be thus
improved by developing local adjustment factors for single- and two-layer systems.
Table 6.2 Summary of predictor variables measured for site 2 (MnROAD).
Nonlinear Parameters
for Subgrade Layer*

Nonlinear Parameters
for Base Layer*

(mm)

k′1s-back.

k′2s

k′3s

k′1b-back

k′2b

k′3b

ESUBG
(MPa)

MRSUBG

300
300
300
300

123
152
462
283

1.60
1.60
0.60
0.60

-0.60
-0.60
-2.60
-2.60

467
722
709
470

0.80
0.90
0.60
0.90

-0.10
-0.10
-0.10
-0.10

29
36
43
26

79
79
60
60

Base
Thickness
MnROAD
h
Cells

185
186
188
189

Modulus of
Subgrade*

(MPa)

Surface
Displacement on
Top of
Base
Subgrade
d2 (mm) d1 (mm)
1.36
1.29
0.99
1.25

1.41
1.34
1.22
1.18

* ESUBG is the subgrade modulus, in this case using LWD modulus determined on top of subgrade, MRSUBG is the resilient modulus
of subgrade material as obtained from resilient modulus test as per AASHTO T-307, and k′1-back is the backcalculated k′1 value
using LWD modulus ELWD of the corresponding layer into Ooi et al. (2004) model (Equation 3.2).

6.4: Extracting Modulus Using ANN Inverse Solver (Approach I)
The dataset obtained during the field evaluation conducted at the MnROAD site was
utilized to evaluate the developed inverse solvers for extracting subgrade and base moduli
discussed. Figure 6.4 summarizes the steps of the proposed approach. The inputs to the inverse
solvers are the material properties (nonlinear parameters and layer thicknesses), drum dimensions
and weight, surface deflection measurements of the drum. The roller-induced surface displacement
is obtained from the mapping process using the average drum displacement in each sublot.

The

nonlinear parameters k′2 and k′3 are obtained from resilient modulus tests conducted in the
laboratory at the optimum moisture content. The nonlinear k′1 parameter is adjusted using the LWD
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modulus after conducting LWD tests at the sublots. Evaluation of this process is described in the
following section for both single- and two-layer systems.
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Figure 6.3 Comparison of extracted subgrade and base moduli obtained from proposed scenarios
with corresponding measured moduli.

Figure 6.4 A flowchart for extracting modulus of unbound materials using inverse solvers.
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6.4.1: Single Layer System
Figure 6.5 shows the moisture-adjusted nonlinear parameters k′2 and k′3 for each sublot at
the time of compaction of clayey subgrade (i.e. Cells 188 and 189). The nonlinear parameters were
estimated using a best-fit regression curve through the variations of the relevant parameter from
the resilient modulus tests with moisture content, as shown in Figure 6.5. This adjustment process
of the nonlinear parameters was also implemented for the sandy subgrade sampled material of
Cells 185 and 186 (not shown here for brevity). Nonlinear parameter k′1 was adjusted using the
LWD modulus obtained along the test section on each sublot.
Figure 6.6 provides a comparison of the modulus of each sublot as obtained from the
inverse solver to their corresponding sublot’s LWD modulus, ELWD, for sandy (Cells 185 and
186) and clayey (Cells 188 and 189) subgrade materials. The inverse solver can predict the
modulus of subgrade with reasonable accuracy as depicted in Figure 6.6.
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Figure 6.5 Adjustment of parameters k′2 and k′3 using moisture correction for sandy subgrade
(cells 185 and 186)..
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Figure 6.6 Comparison of extracted subgrade moduli obtained from inverse solver with
corresponding measured moduli for each of the sublots.
6.4.2: Two-Layer System
Similar to the subgrade, the nonlinear parameters of the base layers were adjusted for
moisture for each sublot. The nonlinear parameters were interpolated and, in some cases,
extrapolated using regression lines similar to those in Figure 6.5.
The base moduli were backcalculated using the LWD measurements on top of the base and
corresponding measurements on top of the subgrade using a layered-elastic program through an
iterative process. The nonlinear parameters in conjunction with the roller surface deflections on
top of the subgrade and base layers were used as inputs to the inverse solver for extracting the base
modulus.
The extracted base moduli compared well with the corresponding LWD base moduli as
shown in Figure 6.7, as judged by the number of cases that fall within the ±25% uncertainty
bounds.
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Figure 6.7 Comparison of extracted subgrade moduli obtained from inverse solver with
corresponding measured moduli for each of the sublots.
6.5: Retrieving Modulus Using Dynamic Drum Force (Approach II)
A more practical approach for determining the modulus of single- and two-layer systems
was developed using the drum force, Fd, determined from the accelerometers measuring the drum’s
inertia. Unlike the previous approach, this approach does not require laboratory resilient modulus
and field LWD testing. The expectation is that the impact of the variability of the compacted
geomaterial properties would be less significant towards the calculation of the geomaterial’s
modulus if the more uniform areas of the lot are identified and considered for the local calibration
process. This approach consists of the following steps, as illustrated in Figure 6.8:
1. Upon completion of the mapping process, generate color-coded maps of (a) dynamic
drum force, (b) CMV, and (c) coefficient of variation (COV) of CMVs.
2. For obtaining optimal results, choose at least five sublots with COV of CMV less than
25%.
3. Obtain a site-specific local calibration factor between the LWD modulus and drum
force of the selected sublots in item 2.
4. Estimate the moduli using the measured dynamic forces adjusted with the established
site-specific calibration factor.
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Figure 6.8 Flowchart for estimation of moduli of unbound materials using dynamic drum force.
6.5.1: Evaluation of Approach to Determine Modulus using the Drum Force
This process is illustrated in Figure 6.8 for retrieving the moduli of the sandy subgrade of
MnROAD Cell 186. Figure 6.9a shows the mapping of the sublot’s representative CMVs, COV of
CMV, and drum force. Five sublots with coefficient of variation of the CMV less than or equal to
25% are selected for conducting LWD tests (see Figure 6.9b). The drum forces and LWD moduli
from the selected sublots are used to develop a local calibration factor, as shown in Figure 6.9c.
The moduli of all sublots are then calculated by multiplying the adjustment factor by the
corresponding drum forces.
Figure 6.10 compares the retrieved and LWD moduli for all sublots of the subgrade
sections evaluated at MnROAD (Cells 185 through 189). Figure 6.10a shows the results of this
approach excluding the condition imposed to the variability of CMV measurements (i.e.
uniformity of the proof-mapped section) discussed above. On the other hand, Figure 6.10b
compares the LWD and retrieved moduli by considering the condition of selecting the sublots with
COV of the CMVs less than 25% to develop the adjustment factor. Identifying sublots exhibiting
more uniformity in their CMV measurements significantly reduces the uncertainty of the
calculated moduli as obtained from the drum force. Furthermore, data points in Figure 6.10b tend
to fall closer to the line of equality.
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(a) Step 1: Mapping Process

(b) Step II: Identifying Sublots

(c) Step III: Developing Local Transfer Function
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Figure 6.9 Process of retrieving modulus using dynamic force for sandy subgrade in cell 186 at
MnROAD.
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Figure 6.10 Relationship between retrieved modulus and LWD modulus for sandy and clayey
subgrade sections at MnROAD using (a) all sublots and (b) sublots with coefficient
of variation of CMV ≤ 25%..
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Chapter 7: Observations from Implementation of Developed Approaches
7.1: Introduction
To evaluate and validate the practicality of the developed forward models and
backcalculation algorithms under field conditions, four test construction sites were visited for
actual field implementation of IC. Such evaluation and validation process were aimed to help
understand the variabilities associated with the construction and compaction phases under field
conditions. The four sites were located in Minnesota, Ohio and Texas. Detailed information of
the test sites is provided in Table 7.1. Pavement structures of each test section are shown in Figure
7.1. Actual test sections and representative line passes during proof-mapping operations and
sublots are shown in Figures 7.2 through 7.5 for the test sites.
Table 7.1 Field test sites.
Site

Location

1

El Paso, TX

2

Burnsville, MN

3

Springfield,
OH

4

El Paso, TX

Length

Section

66 m
(220 ft)
75 m
(250 ft)
75 m
(250 ft)

Lomaland Park

66 m
(200 ft)

US-62/180 WB
Lane

I-35W North
Bound Ramp
I-70 West
Bound Lane

Layer
Embankment
300 mm (12 in.) subgrade
Subgrade
300 mm (12 in.) subbase
Cement-treated subgrade
(4% cement)
150 mm (6 in.) aggregate
base
Embankment
300 mm (12 in.) subgrade

Roller
Hamm H11 ix
Caterpillar
CS74B
Caterpillar
CD74B

Volvo SD75

Drum Mass
(Weight)
5890 kg
(12,985 lb.)
5153 kg
(11,360 lb.)
5153 kg
(11,360 lb.)

3610 kg
(8,025 lb.)

7.2: Field Testing Program and Test Layout
The following activities were undertaken at the construction sites:
1.

Identification of test section. The research team, along with the contractor and DOT
personnel identified a test section that at least spanned 60 m (200 ft) in length and had a
minimum width of 7.5 m (24 ft).

2.

Set up of GPS. The research team set up a base station or connected to the DOT or
contractor’s base station.

3.

Set up of IC roller. The research team set up the IC roller using the data acquisition system
described in Chapter 4. The IC roller was checked for proper data collection including
vibration frequency, amplitude and roller speed.

4.

Install instrumentation. Geophones were embedded into the soil at different depths, as shown
in Figure 7.6, and were connected to a second data acquisition system to monitor the
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propagation of roller vibration. Depths of geophones are shown in Figure 7.1 for each test
section.

150 mm
(6 in.)

300 mm (12 in.)
Clay

150 mm
(6 in.)

300 mm (12 in.)
Subbase

150 mm
(6 in.)

Embankment
Clay

150 mm
(6 in.)

Subgrade

1200 mm
(48 in.)

300 mm
(12 in.)

150 mm.
(6 in.)

900 mm
(36 in.)

150 mm (6 in.)
Base

Cement-Treated
Subgrade

1200 mm
(48 in.)

Geophone
Sites 1 & 4

Site 2

Site 3

Figure 7.1 Pavement structure of test sections and the location of embedded geophones.
(a)

(b)

Location of
Test Section

(c)

(c)

Figure 7.2 Overview of Lomaland Recreational Center construction in El Paso, TX showing (a)
location of test site, (b) line passes during proof-mapping of embankment, and (c)
test section with sublots.
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(a)

(b)

(c)

(d)

Location of
Test Section

Figure 7.3 Overview of I-35W NB reconstruction in Burnsville, MN, showing (a) location of test
site, (b) line passes during proof-mapping of subgrade, (c) test section with sublots,
and (d) proof-mapping of subgrade.
5. Set up a grid of points at the test section for fine-tuning of the models. A total of 44 points were
marked and latitude/longitude coordinates were measured using a GPS rover at each of the
marked points. Four rows of 11 points spanning the test section length were marked. Each row
of points was placed under the line pass path to be traversed by the IC roller during mapping
operations. Rows were spaced equidistantly based on the roller’s drum length along the test
section width, as shown in the field test layout provided in Figure 7.6.
6. Perform proof-mapping. An IC roller was used for proof-mapping the layer after the
completion of compaction. Test section was mapped using one forward pass of the IC roller.
7. Conduct field testing. Field testing was carried out including lightweight deflectometer (LWD)
and nuclear density gauge (NDG) on the compacted surface as soon as proof-mapping was
completed at each of the marked 44 points. Moisture samples were also collected at each of the
spot tests for validation of NDG.
8. Collect sample material. Sample material used for the comprising layers was collected for
resilient modulus testing in the laboratory. Nonlinear material parameters were obtained for
input into the backcalculation of modulus algorithms.
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The research team did not interfere with the construction operation, and the IC mapping
and spot testing was conducted at a time that was least disruptive to the contractor. A Caterpillar
CS74B smooth-drum IC roller, similar to the one used at the MnROAD, was used at Sites 2 and
3, while a Hamm H 11ix smooth-drum roller was operated at Site 1 and a Volvo SD75 at Site 4.
All rollers, shown in Figure 7.8, were operated at low amplitude and low frequency conditions as
listed in Table 7.2. Data were collected with the embedded geophones starting at least 35 m before
and ending 35 m after the location of the geophones by synchronized the roller-mounted GPS unit
with one located next to the embedded geophones.
(a)

Location of
Test Section

(b)

(c)

(d)

Figure 7.4 Overview of I-70 WB reconstruction in Springfield, OH, showing (a) location of test
site, (b) line passes during proof-mapping of subgrade, (c) test section with sublots,
and (d) proof-mapping of subgrade.
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(a)

Location of
Test Section

(b)

(c)

Figure 7.5 Overview of US-62/180 WB construction of Montana Expressway in El Paso,
showing (a) location of test site, (b) line passes during proof-mapping of subgrade
and (c) test section with sublots.
(a)

(b)

(c)

(d)

Figure 7.6 Installation process of embedded geophones: (a) GPS localization, (b) drilling with
auger, (c) embedding ground sensors, and (d) wiring of geophones to data
acquisition system.
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B

C

D

11 spot tests @ 6 m (20 ft) spacing

66 m (220 ft)

A

1.8 m (6 ft) spacing

Spot test

7.5 m (24 ft)

Figure 7.7 Schematic of spot tests layout.
(a)

(b)

Figure 7.8 Smooth-drum IC rollers used for mapping (a) site 1 (Hamm H11ix) and (b) sites 2 and
3 (Caterpillar CS74B).
Table 7.2 Specifications of instrumented IC rollers.
Vendor/Manufacturer

Model

Width
(m)

Drum Mass
(kg)

Centrifugal
Force (kN)

Frequency
(Hz)

Used in

HAMM

H 11ix

2.1

5890

136

30

Site 1

Caterpillar
Volvo

CS74B
SD75

2.1
1.7

5153
3610

166
121

23
30

Sites 2 and 3
Site 4

7.3: Laboratory Testing
Table 7.3 summarizes the index properties of all sampled materials, including the
classification of each geomaterial, as per the Unified Soil Classification System (USCS). The
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optimum moisture contents and maximum dry unit weights obtained as per standard Proctor tests
(AASHTO T99) for the subgrades and as per modified Proctor tests (AASHTO T180) for base
materials are reported in the table as well.
Table 7.3 Summary of index properties of construction site materials.
Site

1

1

2

2

3

4

Embankment

Subgrade

Subgrade

Subbase

Base

Embankment
Subgrade

Sand

Sand/Clay

CL

CL

Gravel

0.0

0.0

Coarse Sand

4.0

4.8

62.2

62.2

35.3

3.8

Fine Sand

46.0

45.2

17.4

17.4

12.0

48.2

Fines

50.0
20

50.0

2.4

2.4

1.2

48.0

12

15

8

10

Non plastic

Non plastic

Non
plastic

13.8

17.1

7.1

7.1

Layer
Material Type
USCS Classification

Gradation, %

Atterberg Limits
(AASHTO T-89
and T-90)

Moisture/Density
(AASHTO T-99)
Moisture/Density
(AASHTO T-188)

Liquid Limit (LL)
Plastic Limit (PL)
Plasticity Index
(PI)
Optimum
Moisture Content
(OMC), %
Maximum Dry
Density (MDD)
Optimum
Moisture Content
(OMC), %
Maximum Dry
Density (MDD)

Poorly graded Poorly graded Well-graded
sand
sand
gravel
SP
SP
GW
16.1
16.1
42.8

25

Sand/Clay
CL
0.0

22
13
8

13.8
-

1853 kg/m3
(115.7 pcf)

1802 kg/m3
(112.5 pcf)

2142 kg/m3
(133.7 pcf)

2142 kg/m3
(133.7 pcf)

-

-

-

-

1899 kg/m3
(118.5 pcf)
6.5
2289 kg/m3
(142.9 pcf)

Resilient modulus tests were performed in the laboratory as per AASHTO T307-03 to
determine the resilient modulus and nonlinear parameters of geomaterials sampled at the test
sections. Representative specimens prepared for resilient modulus testing are shown in Figure 7.9.
The results of resilient modulus tests are summarized in Table 7.4 at the optimum moisture content
(OMC).
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(a)

(b)

(c)

Figure 7.9 (a) Preparation of soil mixture based on the sieving analysis, (b) prepared samples for
resilient modulus test, and (c) MTS® Load Unit System.
Table 7.4 Geomaterial properties of test sections used for validation of inverse models.
Layer Two
Sites Thickness
h (mm)

Nonlinear Parameters
for Layer One*
k′1-back.

k′2

k′3

Nonlinear Parameters
for Layer Two*
k′1-back

k′2

Surface
Displacement on

Modulus* (MPa)
ELWD

k′3

MR

Layer 1 Layer 2 Layer 1 Layer 2
1
2
3
4

300
300
150
300

217
598
1581
213

1.57
1.69
0.61
1.76

-2.04
-2.16
-0.05
-2.6

313
267
329
214

1.24
1.69
0.57
1.76

-3.00
-2.16
-0.05
-2.6

39
130
231
40

40
58
91
29

40
115
230
37

39
51
103
37

Layer 1
d1 (mm)

Layer 2
d2 (mm)

1.07
1.26
1.08
1.07

1.11
1.52
1.05
1.11

* ESUBG is the subgrade modulus, in this case using LWD modulus determined on top of subgrade, MRSUBG is the resilient modulus
of subgrade material as obtained from resilient modulus test as per AASHTO T-307, and k′1-back is the backcalculated k′1 value
using LWD modulus ELWD of the corresponding layer into Ooi et al. (2004) model (Equation 3.2).

7.4: Validation of Approaches to Extract Modulus
The following sections present the outcomes of the implementation of the two approaches
discussed in Chapter 6.
7.4.1: Inverse Solver to Extract Modulus (Approach I)
The inverse solvers make use of the input variables containing the nonlinear parameters
obtained from the combination of both laboratory and field measurements, layer thickness of the
top layer, and surface deflection from the accelerometer measurements. Using the geophone
displacements obtained from the test sites, the inverse solver was further fine-tuned to improve the
predictive accuracy following the process described in Chapter 6 and illustrated in Figure 6.6. The
surface displacement obtained for each sublot during the proof mapping process was input into the
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ANN inverse solver. In addition, the nonlinear k′2 and k′3 parameters obtained from resilient
modulus tests along with the nonlinear k′1 parameter adjusted using the LWD modulus at
representative sublots were also input.
The comparison of the measured and extracted moduli for each sublot obtained from the
ANN inverse solver for the single-layer systems of the three test sites is shown in Figure 7.10. The
inverse solver is capable of predicting the modulus of subgrade with a variability of 25% or less.
This level of variability is deemed acceptable given the variability of earthwork in each sublot.
Similarly, the top layer moduli for the two-layer systems were extracted using the inverse solver.
In addition to the nonlinear parameters obtained from the laboratory resilient modulus tests, the
surface displacements measured on top of both the single- and two-layer systems of each sublot
were used as inputs. Figure 7.11 compares the extracted moduli of the top layer with the
corresponding backcalculated LWD moduli. The inverse model can extract the moduli with less
accuracy than the single layer inverse model but still with values within the 25% variability.
Extracted Modulus, MPa

400
y = 1.08x
R² = 0.98
SEE = 14.03

300
200

Site 1
Site 2
Site 3
Site 4
Line of Equality
+/- 25% Uncertainty Bounds

100
0
0

100

200

300

400

LWD Modulus, MPa

Figure 7.10 (a) Comparison of LWD and extracted moduli for single layer systems for sites 1-4.
7.4.2: Variability of extracted modulus due to number of spot tests
Since an extensive testing program is impractical in day-to-day operations, the minimum
number of spot tests with LWD was also assessed. The sublots exhibiting considerable
nonuniformity were first excluded since they introduced significant uncertainty in the process.
Based on a substantial field database, Tirado et al. (2019) defined sublots with COV of CMVs of
25% and less as “uniform.”
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Figure 7.11 Comparison of LWD and extracted moduli for two-layer systems for sites 1-4.
Figure 7.12 compares the extracted moduli and the LWD moduli averaged per station for
the subgrade layers of Sites 1 through 4. The error bars represent one standard deviation of moduli
at each station. The extracted moduli shown in the figures exhibit little variability because each
point was calculated using an average of up to 50 surface displacements values measured in each
sublot, and also because single k′1 value has been adjusted and assigned to represent a station. The
LWD and extracted moduli exhibit similar trends along the length of the lot for all three sites.
Similarly, for two-layer systems, the backcalculated LWD moduli and extracted top layer moduli
using the inverse solver exhibit similar trends along the lots, as shown in Figure 7.13.
Figures 7.14 and 7.15 compare the color-coded maps of the LWD moduli and the moduli
extracted from the inverse solver for single and two-layer systems at Site 1, respectively, after
implementing this procedure. The LWD modulus and backcalculated modulus maps show some
resemblance. Blank sublots in the extracted modulus map correspond to sublots with considerable
variability (COVs greater than 35%) in their ICMVs, and thus were removed from the verification
process.
Figure 7.16 shows the percent difference between the extracted and the LWD moduli per
site. A mean percent error (MPE) of 10% exists when using 11 spot test measurements. Maps of
the estimated moduli for the single and two-layer systems calibrated with five LWD tests, are also
shown in Figures 7.14 and 7.15, respectively. Reducing the number of LWD tests to five in sublots
with COV of CMVs of less than 25%, results in an increase in MPE to 23%. Thus, using five spot
tests still provides extracted moduli within a 25% accuracy appropriate for soil inherent variability.
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Figure 7.12 Relationship between LWD measured and extracted moduli per station for singlelayer systems in sites 1-4.
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Figure 7.13 Relationship between averaged rectangular buffered areas measured and extracted
moduli for two-layer systems in sites 1-4.

(a)

(b)

(c)

Units in MPa

Figure 7.14 Comparison of mapping of (a) LWD modulus and extracted modulus for single layer
in site 1 calculated using (b) 11 spot tests and (c) 5 spot tests.
(a)

(b)

(c)

Units in MPa

Figure 7.15 Comparison of mapping of (a) LWD modulus and extracted modulus for two-layer
system in site 1 calculated using (b) 11 spot tests and (c) 5 spot tests.
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Figure 7.16 Comparison of variability of inverse-solver extracted modulus with respect to LWD
modulus for all sites and for single and two-layer systems.
7.4.3: Using Drum Force to Extract Modulus (Approach II)
The second approach for the extraction of modulus, described in Chapter 6, consists of the
use of an inverse model that uses the roller’s drum force and LWD spot measurements at selected
locations with COV of CMV of less than 25%. The COVs of CMV for the drum force and LWD
modulus at every sublot of the embankment of Site 1 is shown in Figure 7.17. Sublots with COVs
of less than 25% are shown in green. Selected sublots for conducting LWD testing are highlighted
in the maps. The same process was applied to the 300 mm (12 in.) layer of clay material laid on
top of the embankment for identifying potential sublots for conducting LWD. Values within these
sublots were used to develop a localized calibration factor between the drum force and LWD
modulus (see Figure 7.18).
Figure 7.19 compares the estimated moduli from the drum force with the LWD measured
moduli on top of the embankment and the additional 300 mm (12 in.) layer in areas where COV
of CMV ≤ 25%. The extracted moduli are in general agreement with the LWD moduli for both
layers as judged by the number of cases falling inside the 25% uncertainty bounds. The uncertainty
in the estimation of modulus using the drum inertial force can be closely related to the level of
uniformity achieved for the compacted section. In other words, the more uniform the section is,
the more certain the modulus estimation will be.
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(a) COV of CMV (%) (b) Drum Force (kN)

(c) LWD Modulus (MPa)

Selected sublots for
LWD testing

Figure 7.17 Mapping after compaction of embankment
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Figure 7.18 Development of local transfer functions at site 1 for (a) embankment of clayey
material, (b) 300 mm (12 in.) clay material.
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Figure 7.19 Relationship between retrieved modulus and LWD modulus of sublots with
coefficient of variation of CMV < 25% for (a) embankment of clayey material, (b)
300 mm (12 in.) clay material.
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7.4.4: Validation of Approach II Using Expanded Database
To further validate the proposed approach, a database assembled from an extensive IC
testing program that was acquired as part of a Texas Department of Transportation research project
(FHWA/TX-19/0-6903-1) was utilized. Table 7.3 summarizes the general information about the
test sites. The data consisted of CMV, surface deflection, and drum force measurements. LWD
testing was conducted as part of the field evaluation of the single- and two-layer systems at a 7.5
m (25 ft) spacing along the roller line passes at the center of each sublot.
Figure 7.20 compares the retrieved layer moduli with their corresponding LWD moduli
after implementing the proposed approach for subgrade and base materials at those test sections.
Data points represent average of extracted layer moduli of the sublots with the COV of CMV less
than 25% and LWD moduli as obtained for each of the evaluated test sites. The error bars show
the bound between the first and third quartiles of the measurements per test site. Some extracted
moduli shown in the figures exhibit little variability because each point was calculated using an
average of up to 50 drum force values measured in each sublot and because these sites were more
uniform in terms of ICMVs as compared to LWD moduli.
Table 7.5 Field Test Sites.
Site

Length

5

75 m
(250 ft)

6

75 m
(250 ft)
75 m
(250 ft)

7

8

75 m
(250 ft)

Layer*

Roller

Drum Mass
(Weight)

150 mm (6 in.) cement treated subgrade (CTS)
150 mm (6 in.) cement-treated base (CTB) on
top of CTS
300 mm (12 in.) lime-treated subgrade (LTS)

Bomag BW 211
D-40

5750 kg
(12,677 lb)

CAT CS87B

450 mm (18 in.) reclaimed asphalt (RAP) and
base material as subgrade
150 mm (6 in.) flexible base on top of RAP/base
material subgrade
300 mm (12 in.) cement treated subgrade (CTS)

Ingersoll Rand
DD-110

12960 kg
(28572 lb)
6075 kg
(13,393 lb)

300 mm (12 in.) cement treated base on top of
CTS
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450

y = 1.00x
R² = 0.99

Retrived Modulus, MPa

400
350

Site 2:
One…

300

Site 6:
Base
Site 8:
Subgrade

200

Site 7:
Subgrade

Site 2:
Two…

150

50

Site 6:…

Site 1: One
Layer

250

100

Site 3:
Subgrade

Site 7:
Base

Site 4: One
Layer
Site 4: Two…

0
0

50

100

Site 3:…
Site 1: Two
Layer

150

200

Site 5:
Base

Site 5:
Subgrade

Line of Equality
+/- 30% Uncertainty Bounds

250

300

350

400

450

LWD Modulus, MPa

Figure 7.20 Relationship between averaged retrieved modulus and LWD modulus.
The layer modulus can be predicted using the drum force within a level of uncertainty of
less than 30%. These analyses show that the modulus retrieved using the dynamic drum force can
be more representative and reliable when the uniformity is achieved. The compaction uniformity
plays a key role in retrieving the modulus of geomaterials with certainty. In other words, when the
uniformity in compaction is not achieved, an LWD spot test cannot appropriately represent the
quality of compaction for a sublot with approximate size of 45 m2 (500 ft2).
In summary, two approaches using inverse solvers with different number of input variables
were evaluated. The first approach uses an inverse solver developed using an extensive database
assembled from responses of a wide range of pavement properties and layer thicknesses using a
calibrated FE model. The use of this approach requires laboratory effort to determine the needed
input variables. The second approach needs fewer inputs than the first approach since it makes use
of the dynamic drum force. Since compaction uniformity has an impact on the extraction of
modulus, it was found that both approaches can benefit from the use of sublots exhibiting uniform
compaction, by performing of a local calibration to reduce the variability of the model output.
7.5: Determining Target Field Values for Quality Acceptance
For a robust acceptance process, the target field values should be set. The target value can
be the stiffness for the vibratory IC rollers. Most of the deflection-based devices measure the
stiffness of the pavement system, and the reported stiffness is based on an elastic half-space
Boussinesq theory. This is particularly critical for a multi-layered system being tested with
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deflection. However, for this study, an inverse model developed in Chapter 3 was used to
determine the target stiffness. Table 7.4 provides the target stiffness values as determined from the
inverse model constructed for single- and two-layer systems for the test sites 1 through 4. The
target stiffness was set using the operating features of the roller, shown in Table 7.2, the layer
thicknesses, shown in Table 7.1, as well as the nonlinear parameters obtained from the resilient
modulus test, listed in Table 7.4 for each construction site.
Table 7.6 Target stiffness values.
Site
1
2
3
4

Target Stiffness, ks-Target (MN/m)
Single Layer

Two Layer

38
61
198
37

30
47
171
37

A fair and equitable acceptance process requires appropriate tolerances based on the
uncertainties in establishing the target modulus and the measuring device, in this case, the IC roller.
In this study, a 75% of the target stiffness is used to serve as a limit for marginally acceptance.
Figure 7.21 compares the averaged measured stiffness per station with the target stiffness obtained
from the inverse solver for single-layer systems for Sites 1 through 4. The error bars show the
bound between the first and third quartiles of the stiffness measurements per station. Site 3 was
the only site the testing of the subgrade yielded stiffness measurements that marginally passed.
Likewise, Figure 7.22 shows the comparison of the measured stiffness with the corresponding
target stiffness obtained from the inverse solver for the two-layered systems for Sites 1 through 4.
For the two-layer systems the measured stiffness marginally passed for all the visited sites except
for Site 4, where roller measurements indicate that this site did not met the design stiffness.
With all these taken into account, the vibratory IC-rollers can be considered as rigorous
stiffness-based devices for quality acceptance of the compacted geomaterials to replace density
measured approaches since stiffness parameters are more relevant to and employed in pavement
design, even though the use of IC for quality control and acceptance might be challenging
Whenever there is a high variability in the underlying ground strata; the methodology developed
in this study can overcome the limitations mentioned in the literature and is capable of more
realistically representing the quality and uniformity of compaction in a continuous manner.
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Figure 7.21 Averaged stiffness per station with corresponding target stiffness for single-layer
systems for Sites 1-4.
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Figure 7.22 Averaged stiffness per station with corresponding target stiffness for two-layered
systems for Sites 1-4..
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Chapter 8: Conclusions and Recommendations
8.1: Summary of Activities
This study started with a thorough literature review of national and international states of
practice and implementation of quality control with IC technology. A review of different
approaches to simulate the IC roller compaction process during mapping operation and machine
learning algorithms to extract mechanical properties of compacted geomaterials was also
synthesized.
A realistic 3D nonlinear FE model to simulate the mapping process of single and two-layer
geosystems was developed for predicting the representative responses of the geomaterials. The FE
model considered a contact model to account for the complex soil-drum interaction, permitting the
loss of contact between the drum and the soil. A comprehensive database of cases with different
input parameters was assembled for single and two-layer geosystems and various drum dimensions
with different operating conditions. Different levels of complexity in the model were evaluated to
assess the impact of the vibratory conditions as well as to consider both linear and nonlinear
geomaterial constitutive models on the pavement responses. Relationships were developed
between the responses of the models with different levels of complexity to simplify the modeling.
Laboratory and field testing activities were conducted to validate partially the responses
from the models. To that end, the research team developed a system to evaluate the vibration
characteristics of the IC rollers as well as the responses of ground layers during the mapping
process. IC data collected were partitioned into groups corresponding to virtual sublots equal to
the width of the roller and the length equal the minimum length of the compacted section that is
practical to rework. For mapping purposes, all ICMV measurements falling inside a sublot were
averaged to obtain representative ICMVs. This approach allowed to accommodate the inherent
uncertainty related to the accuracy of the GPS devices and the precise position of the moving roller.
For practical purposes, a three color-coded scheme was utilized to map the representative ICMVs.
To ensure uniformity throughout the site, another color-coded map was developed to assess the
variability of compaction. Mapping the coefficient of variation (COV) of the ICMVs within each
sublot allowed the identification of sublots where the representative ICMVs are no longer reliable
due to construction- and equipment-related issues.
A series of inverse algorithm to provide reliable layer-specific ICMV for construction
quality control was also developed. To achieve this, a comprehensive database was assembeled
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consisting of pavement response of single- and two-layer geosystems with widespread layer
properties and base thicknesses. To select the parameters that had more significant impact on the
pavement responses, a sensitivity analysis was conducted to identify those variables best suited as
inputs into the proposed inverse solvers. Various inverse solvers with different complexity levels
requiring involving additional laboratory effort were proposed with the expectation that the
precision would improve. The inverse solvers were evaluated and those best suited for predicting
layer moduli for both single and two-layer systems were selected for validation purposes. The
predictive power of the inverse solver improved when local adjustment factors were used.
Based on the above activities, draft specifications were proposed and evaluated using field
tests conducted in four tests cells constructed at the MnROAD test track facility with different
subgrade and unbound aggregate base materials. Additional NDT testing to measure modulusbased properties of the compacted materials was conducted at each sublot along the test section in
all four cells. The implementation of the spot tests along the test section allowed the research team
to address the variability of the material in the field and its impact on the mapped ICMVs. Samples
of the materials used in the construction of the test sections were collected and transported to the
laboratory to measure their in-place moisture content, index properties, and to perform resilient
modulus tests. The collected dataset comprising of ICMVs, roller operating settings, field test
measurements using NDT, and the properties obtained from laboratory tests, was used to calibrate
the numerical models and to develop machine learning algorithms to extract the mechanical
properties of compacted geomaterials. Based on those results, the specifications were modified.
The modified specifications and different approaches for the extraction of the mechanical
properties were evaluated at three construction projects to identify its practical restrictions, finetune the proposed models and the approaches to extract modulus and to improve the proposed
quality control process. The results were also used to improve the specification’s framework.
8.2: General Conclusions
The general conclusions based on the evaluation of the proposed specification for the
extraction of mechanical properties of compacted geomaterials using IC are the following:
• The adoption of the methods needs to be approached in the context of the levels
uniformity of the compaction.
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• The most consistent results are obtained when proof-mapping using IC is carried out in
conjunction with the modulus-based measurements and when variability in the ICMVs is kept
within 25%.
• Due to large diversity in construction practices, and material types, the implementation
of the draft specification requires more localized field studies by DOTs to adopt it to their local
materials and construction practices.
Based on this study and interaction with the highway agencies, the following comments
and suggestions can be made:
• This research study provides a critical review of the strengths and concerns about the
implementation of a specification to extract the mechanical properties of compacted materials
using IC technology. This study attempted to highlight the complexities that could arise and made
an effort to address them in a comprehensive manner.
• Even though this dissertation emphasizes both the strengths and concerns with the
proposed specification, the proposed specification is a large step toward higher quality highway
construction.
8.3: Future Activities
This study demonstrates the technical benefits and the challenges that are related to the
implementation of the specification for the extraction of the mechanical properties of compacted
geomaterials using IC. Even though all aspects of the development of the protocols were evaluated,
the number of test sections and compacted geomaterials where the algorithms and specification
were evaluated, fine-tuned and validated was limited. The current specifications for quality
management of compaction of geomaterials vary significantly among different State Highway
Agencies (SHA’s). In this study, a set of protocols and procedures was selected and uniformly
implemented. Because of this reason, it is recommended, to have a follow-up implementation
project to assist SHAs implement and locally adjust the proposed protocols and specification to
their local practices. The additional data from a number of different projects will allow for a better
understanding of the limitations of the process.
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